Roles of lipids in coconut (Cocos nucifera L.) embryogenesis by Lopez Villalobos, Arturo
WYE COLLEGE 
I 111 11 I 
19 0164673 3 
ROLES OF LIPIDS IN COCONUT (Cocos nucifera L.) 
EMBRYOGENESIS 
A
--=-
R
-=
T
=-"c
u
==-
R LO J£Z VIL ALO BOS 
Thesis submitted in partial fulfilment of the requirements governing 
the award of the degree of 
Doctor of Philosophy 
at University of London 
Department of Agricultural Sciences 
Imperial College 
University of London 
August 2002 
A B S T R A C T 
The coconut palm (Cocos nucifera L.) is an important crop world-wide but to maintain 
its status, a method of somatic embryogenesis to produce clonal populations is required. 
Despite recent improvements in callus production the formation of somatic embryos and 
plantlet regeneration remain problematic. 
This thesis identified lauric acid accumulation as a potential marker for coconut 
seedling development and used it as a nutrient in combination with other culture 
conditions to promote embryogenesis or germination. It was found that lauric acid 
content was correlated with seedling development. The fatty acid together with 
naphthaleneacetic acid, 6-benzylaminopurine and 77Z}'o-inositol in the culture medium 
increased the growth of the organs (shoots, roots and haustorium) of seedlings 
mimicking, to some extent, the development of intact nuts. Metabolic studies showed 
that lauric acid is used as a precursor of other fatty acids and complex lipids and that 
their contents varied with the organ and the developmental stage of the seedling. In 
somatic embryogenesis, lauric acid combined with ABA promoted callus differentiation 
and formation of proembryos. 
Studies of 2,4-D metabolism revealed that deciding upon the optimum concentration of 
the auxin to use in coconut somatic embryogenesis is complicated by its rate of 
metabolism and conditions of culture (sucrose and 2,4-D concentrations). Five classes 
of metabolites (glucose esters, peptide conjugates, basic metabolites, triacylglycerol 
analogues containing short-chain elongated forms of 2,4-D and triacylglycerol 
analogues containing long-chain elongated forms of 2,4-D) were formed in the explants 
and their proportions varied according to the growth of the cultured tissue. The presence 
of non-polar metabolites was associated with de-differentiation of cxplants. 
Finally an improved protocol for somatic embryogenesis is suggested but many details 
remain to be improved. 
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1. An overview of clonal propagation of coconut: somatic enibryogenesis a 
particular case. 
1.1. Economical importance of coconut and its constraints. 
Coconut palm has been shown to be present in most areas of the intertropical zone since 
prehistoric times. This plant at present is grown on approximately 10 million hectares 
and has particular importance as subsistence crop (Pannetier and Buffard-Morel, 1986; 
Persley, 1992; Blake and Homung, 1995). The facts that coconut plants can endure up 
to 1% salt in nearly superficial groundwater (0.5-1.0 m depth) and can grow in sandy 
soils make this crop one of the few, if not the unique, economical resources for the 
costal regions of developing countries (Rehm and Espig, 1991; Punchihewa, 1995). 
Multiple uses are made of its water, pulp, oil, fiber and wood by the local populations 
and today this crop has become increasingly important for industrial and commercial 
purposes. An estimated 55% of the annual world production of 50 billion coconuts is 
converted into copra which is source of vegetable oil (Punchihewa, 1995). At present, 
coconut oil occupies the seventh place in world production of vegetable and marine oils 
and its price is comparable to that of the most consumed oils such as soybean and palm 
oil (Punchihewa, 1995; Sal as, 2000). 
Coconut oil is distinct from other vegetable oils in its physico-chemical nature because 
of its high content of saturated oil with a high percentage of lauric acid (48%; Blake, 
1990 and Ceniza et ah, 1992). This characteristic has made it a valuable ingredient for 
the production of many food and industrial products including cooking oil, shortening, 
margarine, soap and shampoo (Punchihewa, 1995). 
In recent years, the increasing availability of subslitutabie vegetable oils, especially 
palm-kernel oil, has changed the economical situation of coconut. The high prices that 
the copra and coconut oil fetched in the 80s and early 90s in the world market have 
fallen significantly. Furthermore, other oil crops, such as oil palm and soybean, are 
more economically viable with the result that many farmers are abandoning Ihc coconut 
(Persley, 1992; Punchihewa, 1995). Consequently, there is a need to increase 
productivity in the coconut crop, beside of promoting product diversification and proper 
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marketing to ensure the continuing viabihty of the coconut industry (Smith and Allen, 
1981; Punchihewa, 1995). 
Because of the characteristics of coconut palm (i.e. size and root system), planting 
density is unavoidably low (80-140 plants/ha; Harries, 1995). Therefore, higher yields 
can only be achieved by increasing the productivity of copra and total content of oil per 
plant. Lately, quality criteria, such as composition of the oil and protein content, are also 
being taken into consideration (Persley, 1992, and Blake and Homung, 1995). 
The occurrence of infectious diseases is another factor constraining the improvement of 
coconut productivity. Lethal yellowing, a disease caused by a mycoplasma-like 
organism, has attacked most of the Caribbean region killing millions of coconut palms. 
This has resulted in serious economic losses to hundred of thousands of families whose 
incomes depend directly or indirectly on coconut (Arellano and Oropeza, 1995). Bud 
root is another world-wide lethal disease bud root. It is caused by the fungus 
Phytopththora palmivora and also provokes significant losses in coconut production, 
although to a lesser extent than Lethal Yellowing as it seldom assumes epiphytotic 
proportion (Smith and Allen, 1981; Harries, 1995). 
The production of hybrids and varieties by conventional breeding has been considered 
the most efficient and durable mechanism to increase coconut productivity. At present a 
number high-yielding hybrids, individual varieties and strains (i.e. those producing 
more than 400 nuts per year) are available. Coconut genotypes resistant to lethal 
diseases or adapted to particular ecological conditions of culture have also been derived 
(Gupta et al., 1984; Pannetier and Buffard-Morel, 1986; Arellano and Oropeza, 1995). 
However, these elite genotypes are available in such a reduced number that the demand 
for plants to renew plantations is far from being fulfilled. Thus, mass production of elite 
hybrids or individuals is an urgent necessity for aiding the genetic improvement and, 
then, the productivity of coconut. A method of clonal propagation has been indicated as 
the most suitable for such an objective. 
1.2. Approaches to clonal propagation of coconut. 
Coconut palm is generally cross-pollinated and heterozygous thus variation between the 
resulting seedlings is expected. This variation presents serious problems when elite 
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genotypes, either a Fi hybrid or a superior individual from a variety, are needed to 
generate significant numbers for commercial purposes. Variation in such characters as 
yield and resistance to disease may have serious consequences as the coconut is a long-
term (i.e. long lived with a very long juvenile phase) plantation crop. (Branton and 
Blake, 1986; Karunaratne and Periyapperuma, 1989). Obviously the advantages to be 
gained by eliminating this variability are immense and a method of clonal propagation 
for coconut is thus a highly desirable objective (Apavatjrut and Blake, 1977; Bran ton 
and Blake, 1983; Karunaratne and Periyapperuma, 1989; Homung, 1998). 
Clonal propagation of many crops is achieved by using cuttings or putting grafting 
scions onto rootstock. With coconut palms, these methods cannot be applied because 
coconuts do not generally produce suckers and side-branches (Pannetier and Buffard-
Morel, 1986). Occasionally, coconut palms with suckers at the base have been observed, 
some inflorescences produce offsets able to root and sporadic branched palms can be 
rooted by air-layering, but none of these effects can be induced at will (Apavatjrut and 
Blake, 1977; Pannetier and Buffard-Morel, 1986). 
Thus, in searching for a method for "true-to-type" clonal propagation of coconut tissue 
culture techniques have shown to be the most promising, particularly organogenesis, 
protoplast culture and somatic embryogenesis. 
Organogenesis has been primarily attempted by the culture of flower meristems, as this 
type of explant has a great potential rate of multiplication (i.e. each inflorescence has 
over 3000 flower meristems; Eeuwens and Blake, 1977). The purpose of culture of 
flower meristems is to obtain a development of the flower meristem into vegetative 
shoots, thus bypassing the callus stage. The age of inflorescences, and therefore the 
differentiation of flower meristems, play a major role. Pannetier and Buffard-Morel 
(1986) testing immature inflorescences found that the older inflorescences (15-28 cm 
long) produced a flower-like development whilst the flower meristems of younger 
inflorescences yielded shoots which showed different morphological characteristics 
(size of shoots, number and size of leaf-like structures). This results were obtained on 
basal medium of Eeuwens (1976) supplemented with sucrose, activated charcoal and 
various concentrations of 2,4-dichlorophenoxyacetic acid (2,4-D) and 
6-benzylaminopurine (BAP). Rooting of shoots which were obtained through the 
atypical development of flower meristems was achieved by high auxin treatments 
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(Eeuwens and Blake, 1977; Blake and Eeuwens, 1982). However shoots could not be 
maintained when roots were formed. The failure to produce a complete plant from 
flower meristems was attributed an incomplete reversion from a flowering to a 
vegetative state (Pannetier and Buffard-Morel, 1986). 
Other attempts to promote organogenesis in coconut has been carried out using young 
leaves and roots, but only numerous root neoformations were derived from the cultures. 
The auxin concentrations (i.e. a-naphthaleneacetic acid [NAA] and 2,4-D) seemed to be 
the most important variable. The induction of formation of shoots was not achieved 
probably due to the lack of response of the neoformed roots to cytokinins (Pannetier and 
Buffard-Morel, 1986). 
The culture of coconut protoplasts has also been undertaken with a view of obtaining 
clonal propagation. Eeuwens and Blake (1977) pointed out that protoplasts could be 
liberated from the coconut callus and the viability of these protoplasts was estimated at 
50%. The isolation of protoplast from inflorescence tissues has also been described 
(Haibou, 1981). According to these authors, the main problem for keeping protoplasts is 
the presence of numerous raphides. A technique avoiding agitation during enzymatic 
treatment permitted the protoplasts to be maintained. They were then separated from the 
raphides by a quick sedimentation. The regeneration of the wall and cell divisions that 
could lead to the formation of microcallus were obtained. However, no regeneration was 
observed from these microcalli (Haibou, 1981; Brackpool et ai, 1986). 
Somatic embryo genesis has been considered as the most promising method for clonal 
propagation of coconut, although a number of constraints has limited its application 
(Blake, 1983, Buffard-Morel et al, 1992 and Homung, 1995 a,b,c). This thesis aims to 
examine some of the culture conditions with a view to overcoming the constraints on 
somatic embryogenesis. 
1.3. Somatic embryogenesis in coconut: advances and constraints 
As a means of mass-propagation, somatic embryogenesis has been a widely used 
method for palms (Tisserat, 1979, 1980, 1984a,b; Brackpool el al., 1986, and Ran and 
Ganapathi, 1993). Briefly, in coconut somatic embryogenesis the explant material 
(immature inflorescences, immature leaves, immature zygotic embryos, etc.) is exposed 
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to medium containing macro- and micronutrients, sucrose, activated charcoal and 2,4-D 
(Blake, 1983, 1990; Blake and Homung, 1995; Buffard-Morel et al., 1995). Usually the 
medium is adjusted to about 0.1- 0.2 mM 2,4-D (Eeuwens, 1978; Verdeil and Buffard-
Morel, 1995; Blake, 1990) to induce callus, although some explants such as immature 
zygotic embryos and plumules require higher concentrations of this auxin (0.4- 0.5 mM; 
Homung, 1995b,c; Chan et al., 1998). This may appear to be a high concentration of 
2,4-D but the activated charcoal added to the medium adsorbs more than 99% of the 
auxin (Ebert and Taylor, 1990). After its initiation, callus is separated from the mother 
explant for multiplication. The same or slightly higher concentrations of 2,4-D are used 
at this stage (Buffard-Morel et al., 1988; Blake, 1990; Verdeil et al., 1994; Homung, 
1995c). Later, embyogenic competence of callus cells is induced by two basic 
strategies: (1) gradual reduction of 2,4-D concentration accompanied by an addition and 
gradual increases of BAP, or (2) a large increase in 2,4-D concentrations followed by its 
gradual reduction and addition of BAP. This leads a cell or groups of cells to develop 
into somatic embryos although a "normal" development is difficult to achieve. A range 
of abnormal stmctures is frequently observed (Blake, 1983, 1990; Buffard-Morel et al., 
1995). When it occurs, production of a complete plant can take from 9 months to 2 
years. 
Even though considerable efforts have been made to establish a reliable system of 
somatic embryogenesis in coconut, the following difficulties are still limiting the 
induction of callus and the subsequent regeneration of plantlets of coconut (Verdeii and 
Buffard-Morel, 1995; Blake, 1995; Homung, 1998): 
1. Considerable heterogeneity in response of the coconut tissue to auxins, particularly 
in tissue (i.e. immature inflorescences and immature leaves) that enable truc-to-typc 
propagation. 
2. Intense browning of the explant probably linked to oxidation of polyphcnolic 
compounds. 
3. Low frequency of callus formation accompanied by long culture periods. 
4. Variability in callus response to components of the culture medium. 
5. Low embryogenic competence and incomplete or abnormal embryo formation. 
To date, significant progress has been achieved in the induction of coconut callus. Not 
only a reduced culture period but also high frequency and quality of callus have been 
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obtained using immature embryos (Gupta et al, 1984; Karunaratne and Periyapperuma, 
1989) and plumular tissue as ex pi ants (Homung, 1995a; Chan et ah, 1998). Recently it 
has been shown that plumule has advantages with respect to its competence for plant 
regeneration. However, since this plant material has a sexual origin, coconut research 
has sought somatic tissues that allow a true-to-type clonal multiplication. Immature 
leaves (Buffard-Morel et al, 1992), roots (Justin, 1980), tissue from apical and sub-
apical meristem of mature trees (Apavatjrut and Blake, 1977), immature inflorescences, 
(Branton and Blake, 1983) and endosperm (Kumar et al., 1985; Ceniza et al., 1992) 
have been reported to be able to produce callus. Research has indicated immature 
inflorescences and leaves as most promising explants although some difficulties still 
need to be overcome (Pannetier and Buffard-Morel, 1986; Homung, 1998). 
Both immature leaves and inflorescences have shown considerable heterogeneity in 
response to auxins such as 2,4-D and other media components. Genotype, 
developmental stage of the tissue and physical condition of mother plant has been 
pointed as factors of this explant performance (Verdeil and Buffard-Morel, 1995; 
Homung, 1995a,c). Activated charcoal, a compound normally added to the media to 
reduce explant browning and to promote embryogenesis adds also a source of variability 
in cultures. This was attributed to its differential pattern of adsorption of 2,4-D and 
sucrose through culture period leading to variation on the available amounts of these 
two compounds in culture media (Ebert and Taylor, 1990; Ebert et al., 1993; Buffard-
Morel etal., 1995; Homung, 1998). 
Attempts to omit activated charcoal from the culture media have been made using other 
adsorbant compounds (e.g. polyvinylpyrrolidone; PVP) and antioxidants (e.g. ascorbic 
acid, cysteine and citric acid). However the intensity and frequency of browning 
explants were similar or considerably higher than the commonly elevated levels 
obtained using activated charcoal (i.e. more that 40% of browning; Hornung, 1990, 
1995c; Verdeil and Buffard-Morel, 1995). The mechanism and factors that affeet 
browning of coconut explants has not been studied. It has been assumed that polyphenol 
oxidation is the main factor for the intense explant browning (Blake, 1983; Hornung, 
1998) but direct evidence for this assumption is not available. 
The relatively low frequency of callus formation accompanied by long culture periods 
are further difficulties to face in the culture of immature leaves and immature 
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inflorescences. Whilst immature zygotic embryos and plumules produce about 80% of 
callus after 2 or 3 months of culturing (Gupta et ah, 1984; Homung, 1995a; Chan et ai, 
1998), immature leaves and immature inflorescences have only been able to produce 
3% of callus after longer culture periods (i.e. an optimum of 7 to 9 months; Bran ton and 
Blake, 1983, 1986; Homung, 1998). This fact has made experimentation in vitro 
difficult, insofar as a trial is usually set up before all the results of previous experiments 
are available. 
Auxins, other than 2,4-D, and cytokinins have been tested to improve the response of 
leaf and inflorescence explants. The addition of 2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T) into the medium led to the formation of nodular calli on inflorescence explant 
(Buffard-Morel et al., 1988) whilst NAA and indole-3-acetic acid (lAA) promoted 
direct embryogenesis of leaf explants in the presence of a specific Mg:K ratio (Raju et 
al., 1984). The addition of 4.92 fiM N^-(isopentenyl)adenine (2iP), 4.43 juM BAP and 
0.1 mM of 2,4-D promoted the induction of callus in inflorescences although their 
effects were not clear (Branton and Blake, 1986). Despite of these promising results, 
2,4-D is regarded as being the best plant regulator for callus induction providing the 
highest frequency and quality of callus (Blake, 1995). 
Coconut callus can be proliferated easily at high concentrations of 2,4-D (from 0.2 to 
0.4 mM depending on callus origin and on the 2,4-D concentrations used in 
subculturing) in presence of activated charcoal. This 2,4-D concentration ensures a 
constant division of the peripheral meristematic zone of the callus leading to the 
formation of new callus with granular structure (Blake, 1983, 1990). However, studies 
in mineral uptake have demonstrated variation within coconut calli even those derived 
from a single genotype and tissue with same developmental stage (Verdeil et ai, 1993). 
In order to circumvent this variation, homogeneous callus strains have been produced 
by a continuous multiplication of a single callus (Verdeil and Buffard-Morel, 1995; 
Buffard-Morel et al., 1995). 
Regardless of the type of explant and strategy used, low embryogenic competence and 
incomplete or abnormal embryo formation have been the main events occurring in 
coconut somatic embryogenesis (Blake and Eeuwens, 1982; Brackpool et al., 1986; 
Buffard-Morel et al., 1992, 1995; Homung, 1998). 
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The low embryogenic competence of coconut callus has been attributed to the special 
pattern of de-differentiation and growth that coconut explants undergo during callus 
initiation. It has been widely demonstrated that coconut explants are partially 
dedifferentiated during callogenesis resulting in a heterogeneous "calloid" containing 
regions with various grades of differentiation (Brackpool et al, 1986; Verdeil et ai, 
1994). Since embryogenic competence is randomly acquired by cells immersed in a 
homogeneous callus (William and Maheswaran. 1986), the expression of 
embryogenesis in coconut callus faces serious limitations during its occurrence. 
Other authors have stated that the essential factor in the expression of embryogenesis is 
the gradual drop in 2,4-D concentrations (Karunaratne and Periyapperuma, 1989; Blake 
1990) as well as the concentration from which this reduction began (Buffard-Morel et 
al., 1995). If the drop in the auxin concentration is too fast (i.e. higher than 5 to 10 mg/l 
every 4 months), the maturation of "embryogenic structures" usually leads to 
incomplete or deviated forms such as the development of haustorium, root 
multiplication and formation of clump of fused embryos (Bufard-Morel et al., 1992; 
Blake and Homung, 1995). The initial 2,4-D concentration ensured good initiation of 
embryogenesis likely to yield whole embryos (Buffard-Morel et al., 1995). Many 
protocols have been attempted following the previous principles but non-repeatability 
has been the main outcome of their application (Blake, 1990). 
Frequent deviations in embryogenic morphogenesis could be linked to hormone 
imbalance. Addition of an exogenous cytokinin (BAP) resulted in a complete 
embryogenesis whilst its omission provoked premature differentiation of the root pole 
with irreversible inhibition of cauline pole differentiation (Buffard-Morel et al., 1995). 
An accumulation of free 2,4-D as well as its metabolites in callus, due to the long 
exposures of coconut explants during callus induction, has been suggested as a factor 
responsible for the frequent absence of a cauline meristem (Oropeza and Taylor, 1994; 
Verdeil and Buffard-Morel, 1995). 
A strictly defined sequence of events has to be followed to obtain complete coconut 
somatic embryogenesis: haustorium elongation, cauline pole differentiation and root 
pole differentiation (Buffard-Morel et al., 1995). However, a clear understanding of the 
role and control of the previous events demand further research. A few reports have 
demonstrated that haustorium from coconut zygotic embryos plays a key role in lipid 
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metabolism and consequently in the germination of the nuts (Balachandra and 
Arumughan, 1995a,b). In spite of this, there are no reports on the metabolic behaviour 
of this tissue in vitro. Additionally, lipid metabolism has been shown to play an 
important role in somatic embryogenesis of many oil crops (Tumham and Northcote, 
1982; Pomeroy et al., 1991; Williams et al., 1991, 1993; Bronner et al., 1994) via direct 
effects or by interaction with plant growth regulators such as abscisic acid (ABA), lAA 
and 2,4-D (Holbrook et al., 1992; Liu et al., 1995). Recently, a slight improvement in 
the formation of coconut somatic embryos and plant regeneration was attained by 
adding ABA to the culture medium (Fernando and Gam age, 2000). Consequently, 
significant improvements may be achieved if the combined effects of lipids with ABA 
are explored in coconut somatic embryogenesis. 
1.4. Aims of the thesis. 
1. The first aim of this thesis was to determine individual lipids, particularly fatty acids, 
which may affect significantly the development of coconut seedlings derived from 
zygotic embryos in order to use them as markers for normal development. 
2. As haustorium is a key organ in coconut seedling development, a further aim was to 
study the nutritional, physical and growth factors affecting its development in vitro 
as well as its role in lipid metabolism. A simultaneous aim was to determine the 
optimal conditions to promote the development of this organ in vitro. 
3. Considering the paramount importance of 2,4-D in coconut somatic embryogenesis, 
this work also aimed to study its metabolism during callus induction to establish a 
relationship between the contents of metabolites and the degree of de-differentiation 
of the callus. The conditions to be investigated were 2,4-D and sucrose 
concentrations. 
4. Laurie acid was identified as a potential marker for germination and seedling 
development: a final aim was to assess the effect of adding lauric acid, in 
combination with ABA, on the formation of somatic embryos and, subsequently, 
regeneration of coconut plantlets. 
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Chapter 2 
Changes in fatty acid composition of tissues of coconut 
zygotic embryos during germination in vitro and in the 
intact nuts 
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2. Changes in fatty acid composition of tissues of coconut zygotic embryos 
during germination in vitro and in the intact nuts. 
2.1. Introduction 
Even though some progress has been achieved in callus production in coconut 
micropropagation, the formation of somatic embryos combined with the subsequent 
regeneration of plants are still the main constraints for its clonal propagation (Blake and 
Eeuwens, 1982; Blake, 1990; Verdeil et al., 1994; Blake and Homung, 1995). Most of 
the research on the coconut to date has been carried out by trial and error aiming to 
establish a reliable protocol for somatic embryogenesis. The need for a marker to enable 
the screening of culture conditions and media components to optimise the formation and 
germination of somatic embryos is paramount in coconut research. 
A diversity of markers for somatic embryogenesis such as genes, proteins, hormones, 
enzymatic activity and lipids has been used for various plants species (Althen* et al., 
1993; Hadrami and Baaziz, 1995; Morcillo et al. 1997; Stim, 1995; Peirin et al., 1997; 
Klerk et al., 1997). In coconut, the use of these markers has been extremely limited 
being only reported for the use of proteins related with embryogenesis. Hornung 
(1995c) tested an early embryogenic protein found in pea {Pisum sativum) in various 
coconut tissues but results did not show a clear pattern associated with embryogenesis. 
Lipids have shown to be reliable markers for somatic embryogenesis for many oil crops 
including cacao, olives, sunflower, oilseed rape, and oil palm. Quantitative and 
qualitative changes on lipid classes and fatty acids have been reported during the onset 
of embryogenesis (Tumham and Northcote, 1982; Pomeroy et al., 1991; Williams et al., 
1991, 1993; Bronner et al., 1994). In oil palm, an accumulation of triacylglycerols 
(TAGs) and polar lipids in the callus cells was the initial biochemical event preceding 
embryoid appearance (Tumham and Northcote, 1982, 1984). In cacao, an accumulation 
of both stearic acid (18:0) and TAG was observed after the globular stages of somatic 
embryos becoming the contents of this lipid high during embryos maturation (Tsai and 
Kinsella, 1981; Pence et al., 1981; Janick et al., 1982; Wright et al., 1984). Similarly, 
somatic embryos of rapeseed {Brassica napus L.) accumulated either erucic acid (22:1) 
35 
or linolenic acid (18:3) depending on the cultivar (Zou et al., 1995; Ho)brook et al., 
1991). 
Coconut, unlike other oil seeds, accumulates predominantly short- and medium-chain 
fatty acids (i.e. from 6:0 to 12:0) which are mainly incorporated into TAGs (Child, 
1974; Davies, 1983). In these fatty acids, 12:0 is the most abundant representing more 
than 40% from the total content (Balachandra and Arumughan, 1995b). A report 
showed that both 12:0 and TAG play an important role in coconut geiTnination as they 
are metabolised to produce energy (Balachandra and Arumughan, 1995a). 
Consequently, it is likely that these two compounds can be used as markers for 
successful germination of coconut embryos ex vitro and in vitro conditions. 
In spite of the potential of lipids as markers, there are no reports in coconut approaching 
their study. A few authors have only attempted to explain the function of various tissues 
in lipid metabolism during the germination ex vitro of coconut. Balasubramaniam et 
al. (1973) and Davies (1993) demonstrated that solid endosperm is the main reserve 
tissue of lipids required for coconut germination. Later, other authors showed that 
haustorium is the main tissue responsible for absorption of TAGs and free fatty acids 
derived from a lipase activity occurring mainly in endosperm (Balachandra and 
Arumughan, 1995a). High activity of enzymes involved in the glyoxylate pathway such 
as catalase, isocitrase lyase and malate synthetase was also found in haustorium 
indicating the function of this tissue in the conversion of lipids into sugars (Sigimura 
and Muraki, 1990; Balachandra and Arumughan, 1995a,b). 
Unfortunately, these studies have not included the key structure (i.e. zygotic embryo) 
involved in germination that in some way can help to understand the problems in 
somatic embryogenesis. Consequently, the aim of this study was to determine the 
changes on fatty acid composition that zygotic embryos undergo during germination in 
intact nuts and in vitro to assess individual fatty acids as markers for coconut seedling 
development. 
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2.2. Materials and methods. 
2.2.1. Materials. 
2.2.1.1. Apparatus, instruments and other materials. 
Materials and routine apparatus Company and specifications 
analytical balance 
automatic pipette 
capillary column 
black capillary mating 
centrifuge 
digital balance 
digital integrator 
dissection needle 
flow cabinet 
forceps 
glass tissue grinder 
Gas chromatograph 
heating block 
plastic pots 
stirrer-hot plate with stirrer 
transmethylation tubes 
water bath 
Sartorious precision 0.0001 g 
Gilson^ capacity 1000 |il 
HP-FFAP 30 m X 0.5 mm of 1.0 p,m film 
thickness, Hewlett-Parkard^ 
Lantor obtained from Monro South'* 
Sorvall^ Super T21 
Sartorious precision 0.001 g 
SP4270 Integrator Spectra-Physics'^ 
Merck^, steeled 10 cm 
P3HB Bassaire^ 
steeled cuved 15 cm length Merck 
2.3 cm diameterxl5.3 cm length Jencons 
obtained from Fisher^ 
Hewlett-Parkard 5840A 
Dri-block DB-3 Techne"^ 
50 cm diameter x 40 cm height Monro 
South 
Ibby HB502 obtained from Fisher 
15 ml Quickfit obtained from Bibby 
Sterilin 
Grant" 
1) Sartorious GMBH, Gottingen, Germany 
2) Gilson SA, Villiers-le-Bel, France 
3) Hewlett-Parkard Limited, Stockport, Cheshire, UK. 
4) Monro South Horticultural Suppliers, Aylesford, Kent, UK. 
5) Sorvall, New Town, Ct., USA 
6) Spectra-Physics, San Jose, California, USA. 
7) Merck KGaA, Darmstadt, Germany 
8) Bassaire Limited, Southhampton, UK. 
9) Fisher Scientific UK Limited. Loughborough, Leicestershire, UK. 
10) Techne (Cambridge) Limited, Cambridge, UK. 
11) Grant Instruments Limited, Cambridge, UK. 
2.2.1.2. Chemicals. 
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Compound Formula Grade Supplier 
activated charcoal 
bleach 
chloroform 
propan-2-ol 
tridecanoic acid (13:0) 
Ethanol 
hexane 
boron trifluoride in butanol 
Triacylglycerol mixture lipid 
standard containing triacetin, 
tributyrin, tricaproin, 
tricaprylin and tricaprin 
triacylglycerol mixture lipid 
standard containing tricaprylin, 
tricaprin, trilaurin, trimyristin, 
and tripalmitin. 
triacylglycerol mixture lipid 
standard containing tristearin, 
triolein, trilinolein and 
trilinolenin 
methanol 
MS medium 
sodium hydroxide 
sucrose (from sugar cane) 
CHCI3 
C3H2O 
C13H26O2 
CH3(CH2)4CH3 
BF3 
CH3O 
NaOH 
C12H22O11 
acid washed 
5% sodium 
hypochlorite 
distol 
distol 
99% 
98% 
distol 
12.5% (w/v) 
distol 
analytical 
98 % 
Sigma 
Brobat" 
Fisher^ 
Fisher 
Sigma 
BDH^ 
Fisher 
Sigma 
Sigma 
Sigma 
Sigma 
Fisher 
Duchefa^ 
Fisher 
Sigma 
1) Sigma Chemical Company. Dorset, UK 
2) Brobat, Jeyes, UK 
3) Fisher Scientific UK Limited. Loughborough, Leicestershire, UK. 
4) BDH Laboratories Supplies. Poole, England 
5) Duchefa, Haarlem, The Nerthelands 
2.2.1.3. Sources of plant materials. 
Mature zygotic embryos of the coconut ecotype Yellow Malayan Dwarf obtained from 
Jamaica were used in this experiment. Embryos cultured under in vitro conditions were 
excised from cores of endosperm previously removed from mature coconuts (11-12 
months after fertilisation) in their country of origin. Dehusked mature coconuts of the 
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same ecotype were used as plant material for the germination ex vitro of embryos in 
glasshouse. 
2.2.2. Methods. 
2.2.2.1. Experimental design, recording and data analysis. 
a) Experimental design. 
To study the composition of fatty acid in germination of coconut embryos a completely 
randomised design was used. The stages of germination of the embryos expressed as 
days of culture were considered as treatments. For germination in vitro, variables were 
measured after 0, 15, 30, 45, 60 and 75 days of culture whilst for germination ex vitro 0, 
30, 60, 90 and 120 days were considered. Three replicates were analysed at each 
sampling. 
b) Recording and analysis of data. 
The total and individual content of fatty acids was deteimined in the organs (i.e. 
plumule, coleoptile, haustorium and radicle) of coconut zygotic embryos growing in 
both intact nuts and in vitro after each period of culture as described in section 2.2.2.4. 
The fresh weight of the embryonic tissues was recorded as well. 
At the final period of culture (i.e. 75 days of culture), the total content of sucrose was 
determined in the culture medium of nine tubes which were used to incubate embryos 
and three tubes which were left without any embryo throughout the experiment (i.e. 
control). 
Analysis of variance and mean comparisons were carried out using the computer 
program SAS (SAS Institute Inc., 1994). Mean comparisons were carried out by the 
Tukey test (Snedecor and Cochran, 1989). 
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2.2.2.2. Composition and preparation of culture medium and substrate. 
Full-strength Murashige and Skoog (1962) culture medium (MS medium) supplemented 
with 0.116 M sucrose and 2.5 g/1 activated charcoal was used for the in vitro 
germination of coconut embryos. The pH of the culture medium was adjusted to 5.6 
with 1 M NaOH before autoclaving at 103.5 kPa and 120 °C for 20 minutes. The 
medium was used the following day. 
For germination ex vitro, mature coconuts were germinated in plastic pots of 50 cm 
diameter and 40 cm height using gravel as substrate. 
2.2.2.3. Preparation and culture of plant materials. 
The cores of coconut endosperm containing the embryo were sterilised with 37% (v/v) 
commercial bleach (containing 5% sodium hypochlorite) for 10 minutes immediately 
after being removed from the nuts in the country of origin. In the United Kingdom, this 
plant material was sterilised with undiluted commercial bleach (5 % sodium 
hypochlorite) for 10 minutes immediately. The embryos were excised from the 
endosperm and subjected to two successive surface sterilisations with bleach; the first 
was carried out using 20% (v/v) bleach for 10 minutes and the second a solution of 
70% (v/v) ethanol during 1 minute. After each surface sterilisation, the embryos were 
rinsed three times with sterile water. Immediately, they were incubated in the culture 
medium in the dark at 27 °C. 
The mature coconuts were covered with black capillary matting to avoid cracking of the 
shell because of dryness. They were germinated at 25 °C, being watered every day with 
approximately 2 1 of water. 
2.2.2.4. Lipid extraction and fatty acid determination. 
Fatty acid analysis was carried out in coconut embryos germinated in both intact nuts 
and in vitro conditions. Embryos were divided into plumule, coleoptile, haustorium and 
radicle in order to yield a detailed analysis. As well as the embryos, liquid endosperm 
(coconut water) and solid endosperm (meat) from mature nuts grown in the glasshouse 
were analysed. 
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Plant tissue (i.e. 100 mg coconut tissue in almost all samplings with the exception of 
plumule, coleoptile and haustorium which were used in less weight at the beginning of 
the experiment and after 30 days of culture) was homogenised in a glass tissue grinder 
with 3 ml of propan-2-ol. The homogenate was transferred into 10 ml conical tube and 
incubated at 80 °C for 30 minutes in order to inactivate lipases (Christie, 1989). After 
drying the sample with nitrogen gas, total lipids were extracted using 
methanolxhoroform according to the method Bligh and Dyer (1959). This method 
consisted of adding 3.8 ml of a mixture of chloroform: methanohwater (1:2:0.8 v/v/v) to 
the ground tissue sample to be shaken overnight using a rotator at 70 rpm. Then, 1ml of 
chloroform and 1 ml of water were added to the extract to separate the phases: a bottom 
phase mainly constituted by chloroform and methanol containing the total lipids and an 
aqueous phase containing organic and inorganic compounds soluble in water. After 
transferring most of the bottom phase into a transmethylation tube, 2 ml of synthetic 
bottom phase (i.e. obtained as before without including tissue in the extraction) were 
added to the tube containing the plant tissue for re-extraction of lipids. This was 
repeated another time to obtain almost a complete recovery of lipids. The bottom phase 
from each re-extraction was also transferred into the transmethylation tube. 
In the case of liquid endosperm, the extraction was carried using the same method but 
the portion corresponding to water (1 chloroform: 2 methanol: 0.8 water v/v/v) was 
substituted by a same volume of liquid endosperm. 
The bottom phase contained in the transmethylation tube was dried in a stream of N] 
and butyl esters were prepared according with the method Iverson and Sheppard (1977, 
1986). This method consisted in dissolving a dried lipid sample with 2 ml of hexane in a 
transmethylation tube. Later, the sample was refluxed during 2.5 hours with 3 ml of 
12.5 % (w/v) boron trifluoride in butanol reagent in order to yield fatly acid butyl esters. 
After removing the butanol by three water washings (i.e. 5 ml of water was used in each 
washing), the sample was concentrated and, subsequently, injected into the gas 
chromatograph for analysis. 
A Hewlett-Parkard 5840A gas chromatograph equipped with a flame-ionisation detector 
(FID) was used for gas-liquid chromatographic (GLC) analysis of the butyl esters. An 
HP-FFAP 30m x 0.5 nm capillary column of 1.0 |im film thickness was used to separate 
the butyl esters. The injector and detector temperatures were maintained at 250 °C. 
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Flow rate of the earner gas (nitrogen) was 20 ml/min. The column temperature was held 
at 80 °C for 1 min, then increased at 4°C/min to 250 °C at the final temperature for 15 
min. 
The fatty acids were identified using standards from 4:0 to 18:3 whilst their 
quantification was based on the areas of the peaks and amount of an internal standard 
(13:0). The standards of the fatty acid butyl esters were synthesised from their 
corresponding triacylglycerol standards using the method described previously. The 
areas of the peak were determined by a digital integrator (SP4270 Integrator Spectra-
Physics®) connected to the detector of the chromatograph. Results were expressed as 
mole percentage and total amount of fatty acids per gram of tissue and tissue unit (i.e. 
plumule, coleoptile, haustorium, radicle and liquid and solid endosperm). The mass of 
fatty acids was calculated as a third of glycerol esters in order to estimate the recovery 
of fatty acids from the total lipids. 
2.2.2.5. Determination of sucrose in the culture medium. 
The content of sucrose in the culture medium was determined using inveitase as 
detailed in Clark (1964). A series of sucrose solutions covering the range of 0-80 g/1 
were prepared. These solutions were subsequently diluted by dissolving 0.5 ml into 5 ml 
water. Aliquots of 0.5 ml were also taken from culture medium and diluted in the same 
manner as the stock solutions. Afterwards, 1 ml of acetate buffer pH 4.7 and 1 ml of 
each diluted medium sample or stock solution were put into 15 ml round bottom test 
tubes. Two replicates were used in the case of the diluted medium samples. The tubes 
and the invertase solution (2 ml/1) were pre-equilibrated at 25 "C in a water bath. 
When the solutions were up to temperature, 1 ml of enzyme solution was added to one 
of tubes of the diluted medium samples or stock solution. To the remaining tube 
containing the medium samples, 1 ml of distilled water was added instead of enzyme. 
After mixing the tubes thoroughly, all solutions were incubated for 5 minutes at 25 "C. 
The reactions were stopped by adding 2 ml of 3,5-dinitrosalicylate reagent. 
Immediately, the tubes were covered with marbles and transferred to a briskly boiling 
water bath to develop the colour. The tubes were cooled and, then, the solutions were 
transferred quantitatively to 25 ml volumetric flasks. The volume was adjusted with 
distilled water and the absorbance of each solution was read at 540 nm against a blank. 
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The 3,5-dinitrosalicylate reagent was prepared by dissolving 10 g of 3,5-dinitrosalicylic 
acid in a mixture of 200 ml of 2M sodium hydroxide and 300 ml of distilled water with 
warming. In a beaker, 300 g potassium sodium tartrate was dissolved in water to give 
500 ml of solution. The two solutions were mixed to produce 1 litre of reagent. 
2.3. Results. 
The data showed quantitative differences in fatty acid composition between the various 
types of embryonic tissues (i.e. plumule, coleoptile, haustorium and radicle) derived 
from coconut zygotic embryos cultured in both ex vitro and in vitro conditions. Embryo 
tissues derived from ex vitro conditions were characterised as containing high 
percentages and high absolute amounts of 16:0, 18:2 and 12:0 (Figures 1, 2, 3 and 4). 
Similarly, the contents of the first two fatty acids were also shown to be high in 
embryonic tissues derived from in vitro conditions but 12:0 was substantially lower 
(Figures 7, 8, 9 and 10). A detailed account of the results follows: 
Variation in the fatty acid composition of embryonic tissues was observed through the 
germination periods. The plumules from ex vitro conditions showed a pronounced 
increase in the percentage of 18:2 accompanied by a decrease in 12:0 at the beginning 
of the germination (i.e. 30 days of culture; Figure la and Appendix Table 1). Later, the 
percentage of 18:2 had a tendency to decrease as 12:0 increased. The absolute amounts 
of these two fatty acids showed a continuous increase throughout germination although 
contents of 12:0 was similar after 60 and 90 days (Figure lb and Appendix Table 1). 
During germination in vitro, the plumules showed a different fatty acid profile to that of 
the plumules derived from ex vitro germination (Figure 7). The percentage of 12:0 was 
substantially lower and decreased continuously until 60 days of culture (Figure 7a and 
Appendix Table 7). After this period, the percentage of 12:0 was significantly increased. 
Unlike the plumules from ex vitro, plumule from in vitro conditions increased 
continuously the percentage of 18:2 almost until the end of germination (i.e. 60 days of 
culture). In terms of the total amount of 12:0, the plumules from embryos cultured in 
vitro showed almost an insignificant increase throughout germination (Figure 7b). 
In the coleoptiles from embryos germinated ex vitro, the percentage of 18:2 had a 
tendency to keep a stable level but 12:0 presented a continuous increase throughout 
germination (Figure 2a). The remaining fatty acid did not varied significantly during 
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germination (Appendix Table 2). 18:2 and 12:0 showed a different trend when their 
absolute amounts were considered. The amounts 12:0 and 18:2 as others fatty acids 
were continuously increased in the tissue from the beginning of germination until 60 
days of culture. Later, a drastic decrease in the amount of all fatty acids was observed 
(Figure 2b and Appendix Table 2). In the coleoptiles derived from in vitro conditions, 
the percentage of 12:0 and 18:2 showed a different pattern compared with coleoptile 
from embryos germinated ex vitro. The percentage of 18:2 decreased drastically after 45 
days of culture producing at the same time a significant increase of 12:0 (Figure 8a and 
Appendix Table 8). When absolute amounts of fatty acids were considered, the variation 
on fatty acid composition of the coleoptiles from in vitro conditions followed a similar 
trend to that of the coleoptiles derived from ex vitro conditions. The total amount of 
almost all fatty acids was increased considerably but such a change occurred earlier (i.e. 
after 45 days of germination) than that measured in the coleoptiles derived from ex vitro 
conditions (Figure 8b). 
Unlike other embryonic tissues, the haustorium in the germinating nuts was 
characterised as having both high percentage and absolute amounts of 12:0 in 
comparison with the other fatty acids, through germination (Figure 3a). The percentages 
of most of the fatty acids were stable during germination (Appendix Table 3). In 
contrast, the total amount of all fatty acids increased continuously in haustorium 
through germination, with exception of medium chain fatty acids (12:0, 14:0) which had 
a slight decrease at 90 days of culture (Figure 3b and Appendix Table 3). The 
haustorium derived from embryos germinated in vitro did not produce either high 
percentage or absolute amounts of 12:0 in contrast to haustorium derived from ex vitro 
conditions (Figure 9). The percentages and absolute amounts of 18:1 and 18:2 in 
haustorium derived from in vitro conditions had high variation through culture periods 
but such variation did not show any trend (Figure 9 and Appendix Table 9). 
In the radicles derived from embryos germinated ex vitro, the percentage of 16:0 and 
18:2 decreased throughout germination although a slight increase of 16:0 was observed 
after 120 days of germination (Figure 4a). In contrast, the percentage of 12:0 was 
increased significantly from the beginning of germination to 90 days of culture 
(Appendix Table 4). Subsequently, a significant decrease of this fatty acid was 
recorded. Regarding the total amount of fatty acids in radicles, 12:0, 16:0 and 18:2 
increased continuously throughout germination although a decrease of 12:0 was 
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observed after 120 days of culture (Figure 4b). In the radicles derived from embryos 
germinated in vitro, the percentage and absolutes amounts of 12:0 were substantially 
lower than those values found in radicle from embryos cultured ex vitro (Figure 10a,b 
and Appendix Table 10). The absolute amounts of 16:0, 18:0 and 18:2 showed a 
tendency to increase through time. 
In solid endosperm, although the percentages of fatty acids did not substantially change 
during germination (Figure 5a and Appendix Table 5), the total amount of almost all 
fatty acids decreased, especially at the end of germination (i.e. after 90 and 120 days). 
Similar trend was observed in liquid endosperm but a significant increase of most fatty 
acid occurred after 30 days of culture (Figure 6). Although the fatty acids 6:0, 8:0, 10:0 
and 12:0 also were increased in this period, the means were not statistically different 
(Appendix Table 6). After 60 days of culture, the total amount of all fatty acids 
diminished in liquid endosperm as occurred with solid endosperm. 
Differences in growth (expressed as fresh weight) were observed between embryos 
germinated ex vitro and in vitro. Plumules and radicles of embryos germinated ex vitro 
weighted more than 15 times than plumules and radicles from in vitro conditions (Plate 
1; Figure 11). Haustorium did not growth in vitro conditions whilst in mature nuts this 
organ was predominant (Plate 1). 
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Plate 1. Developing coconut seedlings cultured (A-D) in situ and (E-H) in vitro at 
various stages showing (p) plumule, (h) haustorium and (r) radicle; (e) 
indicates the endosperm of the nut. Seedlings in situ after (A) 30, (B) 60, (C) 
90 and (D) 120 days of culture. Seedlings in vitro after (E) 15, (F) 30, (G) 45 
and (H) 75 days of culture (Bar = 1 cm). 
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Figure 1. Fatty acid composition of plumule from zygotic embryos of coconut after 
various periods of germination in intact nuts. (A) Fatty acid composition 
expressed as mole % and (B) total amount of fatty acid in plumule 
(mg/plumule). Error bars represent the mean ± SEM of three determinations. 
The symbols indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, ( • ) 16:0, (•) 
18:0 and (+) 18:2. 
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Figure 2. Fatty acid composition of coleoptile from zygotic embryos of coconut after 
various periods of germination in intact nuts. (A) Fatty acid composition 
expressed as mole % and (B) total amount of fatty acid in coleoptile 
(mg/coleoptile). Error bars represent the mean ± SEM of three 
determinations. The symbols indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, 
(T) 16:0, (•) 18:0 and (+) 18:2. 
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Figure 3. Fatty acid composition of haustorium from zygotic embryos of coconut after 
various periods of germination in intact nuts. (A) Fatty acid composition 
expressed as mole % and (B) total amount of fatty acid in haustorium 
(mg/haustorium). Error bars represent the mean ± SEM of three 
determinations. The symbols indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, 
(T) 16:0, (•) 18:0 and (+) 18:2. 
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Figure 4. Fatty acid composition of radicle from zygotic embryos of coconut after 
various periods of germination in intact nuts. (A) Fatty acid composition 
expressed as mole % and (B) total amount of fatty acid in radicle 
(mg/radicle). Error bars represent the mean ± SEM of three determinations. 
The symbols indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, ( T ) 16:0, (•) 
18:0 and (+) 18:2. 
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Figure 5. Fatty acid composition of solid endosperm from mature nuts after various 
periods of germination in intact nuts. (A) Fatty acid composition expressed 
as mole % and (B) total amount of fatty acid in solid endosperm (g/solid 
endosperm). Error bars represent the mean ± SEM of three determinations. 
The symbols indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, ( • ) 16:0, (•) 
18:0 and (+) 18:2. 
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Figure 6. Fatty acid composition of liquid endosperm from mature nuts after various 
periods of germination in intact nuts. (A) Fatty acid composition expressed 
as mole % and (B) total amount of fatty acid in solid endosperm (mg/liquid 
endosperm). Error bars represent the mean ± SEM of three determinations. 
The symbols indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, ( T ) 16:0, (•) 
18:0 and (+) 18:2. 
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Figure 7. Fatty acid composition of plumule from zygotic embryos of coconut after 
various periods of germination in vitro. (A) Fatty acid composition expressed 
as mole % and (B) total amount of fatty acid in plumule (mg/plumule). Error 
bars represent the mean ± SEM of three determinations. The symbols 
indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, ( T ) 16:0, (•) 18:0 and (+) 
18:2. 
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Figure 8. Fatty acid composition of coleoptile from zygotic embryos of coconut after 
various periods of germination in vitro. (A) Fatty acid composition expressed 
as mole % and (B) total amount of fatty acid in coleoptile (mg/coleoptile). 
Error bars represent the mean ± SEM of three determinations. The symbols 
indicate content of ( • ) 10:0, (•) 12:0, ( ) 14:0, ( T ) 16:0, (•) 18:0 and (+) 
18:2. 
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Figure 9. Fatty acid composition of haustorium from zygotic embryos of coconut after 
various periods of germination in vitro. (A) Fatty acid composition expressed 
as mole % and (B) total amount of fatty acid in haustorium (mg/haustorium). 
Error bars represent the mean ± SEM of three determinations. The symbols 
indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 14:0, ( • ) 16:0, (•) 18:0 and (+) 
18:2. 
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Figure 10. Fatty acid composition of radicle from zygotic embryos of coconut after 
various periods of germination m vitro. (A) Fatty acid composition 
expressed as mole % and (B) total amount of fatty acid in radicle 
(mg/radicle). Error bars represent the mean ± SEM of three 
determinations.The symbols indicate content of ( • ) 10:0, ( • ) 12:0, ( ) 
14:0, (T) 16:0, (•) 18:0 and (+) 18:2. 
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Figure 11. Growth expressed as fresh weight of various tissues of zygotic embryos 
developing in (A) intact nuts and (B) in vitro. Error bars represent the mean 
± SEM of three determinations. The symbols indicate ( • ) plumule, (•) 
coleoptile, ( ) haustorium and ( T ) radicle. 
After 4 weeks of incubation, at the time the medium was changed, the medium from the 
cultured coconut zygotic embryos contained 59.5±8.31 % of the original sucrose 
concentration (as measured in medium incubated in the absence of embryos) when 
expressed as 3,5-dinitro salicylate reacting compounds (Table 1). The absence of a 
difference in the embryo containing media in presence or absence of inveitase suggests 
that most of the sucrose had been hydrolysed in advance by enzymes derived from the 
embryo. 
Table 1. Content of sucrose, expressed in g per litre, in culture medium used to incubate 
embryos and medium kept without tissue. The determinations were earned out 
using invertase and were compared with an enzymatic control (i.e. reaction 
which contained sample and all reagents with exception of invertase). 
Replicate Medium used to incubate embryos Medium kept without embryos 
invertase control invertase control 
1 12.31 12.04 53.02 2^2 
2 39.20 3&65 51.86 2.58 
3 8.80 8.53 52.05 2.63 
4 2184 23.63 
5 32.17 32.01 
6 38.98 39.91 
7 40.26 40.01 
8 42.15 4223 
9 42.51 4132 
mean±SEM 31.13±4.35 31.14±4.42 52.31 ±0.35 2.67±0.07 
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2.4. Discussion. 
The gradual accumulation of 12:0 in embryonic tissue (i.e. plumule, radicle, haustorium 
and coleptile) germinated ex vitro suggested that this fatty acid can be used as a marker 
for successful germination (Figures 1,2,3 and 4). This hypothesis was supported by the 
fact that embryos germinated in vitro neither accumulated 12:0 nor showed a "normal" 
pattern of germination since they failed to form haustorium (Plate 1; Figures 7, 8, 9 and 
10). 
The lack of growth and of accumulation of 12:0 in the haustorium (Plate 1; Figures 9 
and 11) from embryos germinated in vitro could be not explained in this work but the 
high concentration of sucrose and the lack of lipids in the culture media may be possible 
causes. The total reducing sugar content of the medium (measured after invertase 
digestion of sucrose; Table 1) was as high as 59.5±8.31 % of the original content of 
sucrose, after 4 weeks of culture, after which the medium was changed. As the main 
function of haustorium in coconut germination is to convert lipid into sugars via the 
glyoxylate cycle (Balachandran and Arumughan, 1995a), it is likely that function and, 
consequently, the growth of haustorium was inhibited by the high supply of sugars from 
the culture media. However, this factor as well as the effects of plant hormones such as 
auxins and ABA contained in coconut water need to be studied in vitro in future 
research. 
The accumulation of 16:0, 18:0 and 18:2 in embryonic tissue derived from in vitro 
conditions may be associated with a high demand of these fatty acids for formation of 
plant cell membranes during germination (Oo and Stumpf, 1983a; Gurr and Harwood, 
1996). Since it has been reported that shoot and radicle are able to synthesise fatty acids 
(Oo and Stumpf, 1983a,b), it is possible that major proportion of such fatty acids were 
originated from de novo synthesis. The above hypothesis may also explain the high 
content of these three fatty acids in plumule, coleoptile and radicle from embryos 
germinated ex vitro. 
The changes in absolutes amounts of 12:0 throughout germination ex vitro revealed that 
both the plumules and the radicles were competent to accumulate this fatty acid (Figures 
1 and 4). The data also showed a competition between these two tissues for 
accumulation of 12:0. This was evident when the high accumulation of 12:0 in the 
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radicles after 90 days of culture provoked a decrease in the rate of accumulation of this 
fatty acid (i.e. expressed as decrease in the slope on the curve of accumulation of 12:0) 
in plumule at the same period of culture. The competence and competition of the 
plumules and the radicles for 12:0 of coconut embryos are unclear, as it has been 
suggested in previous reports (Balasubramaniam et a/. 1973; Balachandran and 
Arumughan, 1995a,b) that there is no translocation of lipids from the haustorium to 
either the plumule or the radicle. However, it is important to stress that those reports had 
only studied the changes in fatty acid composition in endosperm and haustorium 
neglecting the important role of other parts of embryo (i.e. plumule, coleoptile and 
radicle) in lipid metabolism. In contrast, Oo and Stumpf (1983a,b), studying the 
movement of lipids in the germinating oil palm seed, detected a movement of lipids 
from the endosperm through the haustorium to the shoot. It was suggested that those 
lipids mainly consisted of TAG but the mechanism of its translocation was unclear. A 
lipase present in the shoot, as reported by the authors, released the fatty acids there, and 
the fatty acids were further transported back to haustorium for subsequent conversion to 
sugars. An accumulation of 12:0 was observed in haustorium as has been found in this 
study but shoot contained a normal pattern of membrane fatty acids (16:0, 18:1 and 
18:2) with insignificant amounts of 12:0. 
The almost continuous accumulation of fatty acids in the haustorium from embryos 
germinated ex vitro (Figure 3) confirmed the reported role of this tissue in the 
absorption of lipids from the endosperm (Balasubramaniam et ai, 1973; Oo and 
Stumpf, 1983a; Davies, 1993). Data showed that the main origin of these fatty acids is 
the solid endosperm using as vehicle the liquid endosperm. Evidence of this hypothesis 
was the continuous decrease of all fatty acids in these two tissues during germination, 
especially in late periods when the haustorium has almost finished growing (Figures 5b, 
6b and 11). However, it could not be determined the actual amounts of fatty acids 
derived from endosperm due that de novo fatty acid synthesis occurring in the 
haustorium (Oo and Stumpf, 1983a,b) was not measured. In other hand, a decrease in 
the amounts of 10:0, 12:0 and 16:0 in the haustorium during a period of high 
accumulation of these fatty acids in the plumules and the radicles (i.e. after 90 days of 
subculture) suggested a translocation of fatty acids from the haustorium to the plumules 
and the radicles. 
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Additionally, the present work confirmed the reported role of haustorium in the 
hydrolysis of the sucrose contained in the liquid and solid endosperm by invertase for 
its utilisation during the early stages of germination (Balasubramaniam et ai, 1973). 
This was evident as the sucrose contained in the medium used to incubated embryos 
was already hydrolysed before of its digestion of invertase during the determinations of 
sucrose content (Table 1). By contrast, sucrose remained intact in culture medium 
which was kept without embryos. 
The changes in fatty acid composition of the coleoptiles indicated that the coleoptile 
may be an auxiliary tissue of haustorium during germination ex vitro (Figure 2). This 
was evident when a pronounced decrease in amounts of fatty acids occuired during 
periods of high accumulation of fatty acids in the plumules and the radicles (i.e. after 90 
and 120 days of culture). Similar trend was observed in the coleoptiles from embryos 
germinated in vitro but the decrease of the contents of fatty acids occurred earlier (i.e 
after 60 days of germination; Figure 8b). The role of this tissue in coconut germination 
has not been studied yet however it may have paramount importance in early stages of 
germination since the haustorium is not completely developed. Moreover, coleoptile 
may be the key tissue in germination in vitro due that coconut embryos fail to grow the 
haustorium. 
So far, the comparison on fatty acid composition of embryonic tissues of coconut from 
ex vitro conditions with those from iti vitro conditions suggested 12:0 as a potential 
marker for the successful germination of zygotic embryos. The results may not to be 
considered as conclusive since other factors that may affect the fatty acid patterns such 
as genotype (Kulper, 1985; Taylor et al., 1990; Pomeroy et al., 1991) and plant 
hormones (i.e. particularly abscisic acid; Zou et al., 1995; Mhaske et al., 1998) have not 
been studied yet. Additionally, studies on the effect of synthesis and supplementation 
of 12:0 on germination in vitro of coconut zygotic embryos may confirm its role as a 
marker as well as give better understanding of its function in germination. As an attempt 
to solve the problems in the formation and germination of coconut somatic embryos, 
these findings obtained in the germination of zygotic embryos may be a guide for the 
establishment of experiments in coconut somatic embryogenesis since it has been 
demonstrated in many plant species that both system share a large number of 
similarities (Taylor and Vasil, 1996; Dutta et al., 1991; Zou et al., 1995). 
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2.5. Conclusions. 
Embryonic tissues, which include plumule, haustorium, coleoptile and radicle, 
developing in intact nuts accumulated lauric acid during germination. Seedlings grown 
in vitro, in other hand, failed to accumulate this fatty acid in any of their tissues. 
Embryonic tissues developing in situ competed for the accumulation of lauric acid 
during germination. 
Haustoria, plumules, and radicles germinated in situ grew continuously throughout the 
120 days experiment with haustoria increasing to 45 g/nut and weighing 4-5-fold more 
than the other tissues. The plumules and radicles of the seedlings cultured in vitro also 
grew continuously but the haustoria grew sporadically between 15 and 75 days in 
culture and, at 250 mg/seedling after 75 days, were smaller than the other tissues. 
The accumulation of lauric acid provides a potential marker for germination and 
seedling development of coconut. 
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Chapter 3 
A study of some factors which influence the development 
of coconut haustorium and their effects on lauric acid 
metabolism 
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3. A study of some factors which influence the development of coconut 
haustorium and their effects on lauric acid metabolism. 
3.1. Introduction. 
In addition to the estabhshment of cauline- and root-pole differentiation, the foitnation 
of the haustorium in somatic embryos is a morphological requirement for the 
regeneration of normal plants of coconut. The development of the haustorium with 
starch reserves by coconut somatic embryos has been considered as an indicator of 
polarity, in a similar manner to that found in zygotic embryos (Buffard-Morel et al., 
1995). 
Very little is known about the factors affecting haustorium development or about its 
specific role, in cooperation with shoot and roots, during embryo germination and 
seedling development of coconut. A few studies have produced information about the 
function of haustorium in lipid and carbohydrate utilisation during geiTnination in situ, 
but the biochemical events occurring in shoot and roots are still unknown 
(Balasubramaniam et al., 1973; Mujer et al., 1984a,b; Krishnankutty et al., 1990; 
Sigimura and Murakami, 1990; Balachandran and Arum ugh an, 1995a,b). In this 
context, new studies approaching the concerted participation of embryonic tissues in the 
metabolism of lipids, particularly in the most abundant lipid in coconut (i.e. lauric acid), 
may provide better understanding of the role of the haustorium in seedhng 
development. Consequently, new strategies can be undertaken to solve the problems of 
regeneration of plants in coconut somatic embryogenesis. 
3.1.1. Metabolism of fatty acids. 
The synthesis and degradation of fatty acids in plants and its regulation has been 
extensively reviewed by many authors (Slabas and Fawcett, 1992; Harwood, 1996). The 
biochemistry of such processes has recently been addressed in oil seeds and fruits (Salas 
et al., 2000). 
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Synthesis of fatty acids de novo involves three main steps: (1) the conversion of 
acetyl-CoA to malonyl-CoA, (2) the conversion of acetyl-CoA and malonyl-CoA to 
palmitate, (3) elongation of palmitate to stearate. Although it is not strictly included in 
the de novo fatty acid biosynthesis, an additional step consists of the desaturation of the 
synthesised fatty acids. The details are as follows (Figure 12; Slabas and Fawcett, 1992; 
Harwood, 1996; Sal as et al., 2000): 
Acetyl-CoA carboxylase catalyses the ATP-driven condensation of a molecule of 
bicarbonate with acetyl-CoA, the primary precursor of fatty acids, to produce 
malonyl-CoA, which is the key intermediate in fatty acid biosynthesis. Oil palms, unlike 
other monocotyledonous species, possess an acetyl-CoA carboxylase with multi-subunit 
structure instead of a multifunctional form. High activity of the enzyme has been 
detected in endosperm and leaves (Salas et al., 2000). Because this enzyme is light-
regulated, its activity has not been associated with the deposition of lipids in seeds 
(Harwood, 1988; Salas et al., 2000). 
The malonyl-CoA produced by acetyl-CoA carboxylase is transformed to malonyl-acyl 
carrier protein (ACP) by malonyl-CoA:ACP transacylase before being used by fatty 
acid synthase (FAS). FAS is a discrete system of enzymes responsible for the reactions 
leading to the formation of either palmitate or stereate. These enzymes are 
(3-ketoacyl-ACP synthase I, n and HI (KAS I, 11, and HI), P-ketoacyl-ACP reductase, 
(3-hydroxyacyl-ACP dehydrase and enoyl-ACP reductase. The cycle of elongation starts 
with the condensation of malonyl-ACP with acetyl-CoA by the action KAS III to 
produce acetoacetyl-ACP. This compound is subsequently reduced by P-ketoacyl-ACP 
reductase to yield the (3-hydroxyacyl derivative, the hydrogen donor being NAPDH. 
The latter compound is then dehydrated by |3-hydroxyacyl-ACP dehydrase and, finally, 
reduced by enoyl-ACP reductase, again using NAPDH, resulting in a four carbon 
(butyryl) acyl-ACP derivative, which can enter to another chain elongation cycle. 
During the next cycles, the condensations are catalysed by KAS 1, which uses 
acyl-ACPs as the primer substrates in place of acetyl-CoA. This enzyme is responsible 
for a serial of condensations to synthesise acyl-chains until the production of 
palmitoyl-ACP. Finally, this compound can be elongated to stearoyl-ACP in a further 
cycle involving the participation of the last condensing enzyme, KAS II. This step is 
relevant because it determines the saturated/unsaturated fatty acid ratio of the resulting 
pool of fatty acids as CIS fatty acids are almost entirely unsaturated. The proportion of 
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individual saturated fatty acids depends not only of the action of KAS n but also on 
specific plastid thioesterases which are responsible of the termination of the synthesis of 
acyl-chains. The high content of lauric acid in coconut (12:0) results from the high 
activity of lauroyl-ACP thioesterase (Browse and Somerville, 1991; Davies, 1993). The 
process of fatty acid synthesis de novo finishes with the release of the acyl moieties 
from the ACP derivatives by the action of the plastid thioesterases or by their transfer 
into complex lipids by acyltransferases (Davies, 1983; Davies et al, 1995a,b; Knutzon 
et al, 1995). 
The mechanism of desaturation allows the introduction of double bonds in specific 
positions of the acyl chains yielded by the fatty acid synthase reactions. In the plastid 
stroma, a very active stearoyl-ACP A9-desaturase is responsible for the production of 
oleic acid and prevention of the accumulation of stearate. Further desaturation of oleate 
to produce polyunsaturated fatty acids can take place in the plastid or in the 
endoplasmic reticulum, via the so-called "prokaryotic" or "eukaryotic" pathways, 
respectively. In the latter pathway, oleate is transported out of the plastid to the acyl-
CoA pool of the cytosol. The oleyl-CoA is incorporated into phosphatidylcholine in the 
endoplasmic reticulum via the Kennedy pathway. While attached to 
phosphatidylcholine, oleate is further desaturated to linoleate and then to a-linolenate 
by A l l and A15-desaturases. Plastid-located A12 and A15-desaturases have also been 
found but their participation is quantitatively less important (Gurr et al. 1969). 
Fatty acids can undergo further elongation in the endoplasmic reticulum by an 
enzymatic system resembling FAS (Murphy, 1994). 
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Figure 12. Biosynthesis of fatty acids by fatty acid synthase in plants. Abbreviations: 
ACP, acyl carrier protein; KAS (I, n and III), P-ketoacyl-ACP synthase; (1) 
P-ketoacyl-ACP reductase, (2) P-hydroxyaceyl-ACP dehydrase, (3) enoyl-
ACP reductase (from Sal as et al., 2000). 
The degradation of fatty acids to acetyl-CoA is carried out by enzymes of the 
P-oxidation pathway. These enzymes are located in glyoxysomes in germinating fatty 
seedlings and in peroxisomes in non-fatty plant tissues. The sequence of reactions of the 
P-oxidation pathway is largely a reverse of those of fatty acid synthesis to produce 
acetyl-CoA. In these reactions, the initial step is catalysed by an acyl-CoA oxidase that 
transfers electrons directly to O2, thus producing H2O2 (Harwood, 1988). Fatty acids arc 
converted into sugars in germinating seeds by synchronised functions of enzymes of 
P-oxidation pathway with enzymes of the glyoxylate cycle (Tolbert, 1980; Harwood, 
1988; Balachandran and Arumughan, 1995a). 
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3.1.2. Synthesis of lipid classes. 
a) Triacylglycerol. 
The attachment of acyl chains to the glycerol backbone to produce glycerolipids takes 
place via various metabolic routes, but the most widely occurring, and, probably the 
most important quantitatively is the one known as Kennedy or glycerol phosphate 
pathway. This pathway has been widely reviewed (Gurr, 1980; Murphy, 1994; 
Athenstaedt and Daum, 1999; Sal as et al., 2000) and involves the following series of 
reactions which are localised in the endosplasmic reticulum (Figure 13). 
The reactions used to produce TAG are catalysed by glycerol 3-phosphate:acyl-CoA 
acyltransferase (G3PAT), 1-monoacylglycerol 3-phosphate;acyl-CoA acyltransferase 
(LP A AT), phosphatidate phosphohydrolase (PAP) and l,2-diacylglycerol:acyl-CoA 
acyltransferase (DAGAT). The primary substrates are acyl-CoAs which are initially 
derived from the plastid by de novo synthesis as free fatty acids and, subsequently, 
converted in the outer plastid envelope into acyl-CoA thioesters. The first two enzymes 
are involved in two successive acylations of glycerol 3-phosphate to produce 
phosphatidate, which is an inteiTnediary of anionic phosphoglyceride synthesis. 
Phosphatidate is subsequently dephosphorylated to produce DAG, which is finally 
acylated to produce TAG. DAG is also an important intermediary in the synthesis of 
zwitterionic phosphoglycerides and glycosylglycerides. 
phosphoglyccrides glycosylglyccridcs 
G3-P 
lysophosphaiidaie ,R2 
DAGAT 
CoA4)H 
CoASH 
LPAAT 
CoA-SH 
phosphalidaic 
G3PAT 
Anionic 
phosphoglyccridcs 
Figure 13. Kennedy pathway for the synthesis of triacylglycerols in plants. 
Abreviations: G3PAT, glycerol 3-phospate:CoA acyltransferase; LPAAT, 
1-monoacylglycerol 3-phosphate:acyI-CoA acyltransfcrase; PAP, 
phosphatidate phosphohydrolase; DAGAT, 1,2-di acyl gl ycerol: acy I -Co A 
acyltransferase (from Salas et al., 2000). 
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b) Phospholipids. 
The biosynthesis of phospholipids by plants and its compartmentalisation has been 
extensively reviewed by many workers (Mudd, 1980; Moore, 1982; Browse and 
Somerville, 1991; Ohlrogge and Browse, 1995; Munnik et al., 1998; Athenstaedt and 
Daum, 1999; Lorenzin et al., 2001). Many reactions are involved in the synthesis of 
phospholipids as well as their precursors and intermediates, but only the major ones are 
described here (Figure 14). 
Phosphatidic acid (PA) and, subsequently, diacylglycerol (DAG) are synthesised from 
glycerol-3-phosphate and acyl-CoAs by the Kennedy pathway as detailed above. DAG 
is then transformed to either phosphatidyl-choline (PC) or phosphatidyl-ethanolamine 
(PE) depending on the enzymes that are catalysing the reaction. CDP-choline:DAG 
cholinephosphotransferase condenses DAG and cytidine-5'-diphosphate-choline (CDP-
choline) to yield PC whilst CDP-ethanolamine:DAG ethanolaminephosphotransferase is 
responsible of the formation of PE from the glycerolipid and cytidine-5'-diphosphate-
ethanolamine (CDP-ethanolamine). PE can be metabolised into PC by methylation of 
the phospho-base due to the action of S-adenosyl-L-methione:phosphatidylethanol 
amine N-methy 1 -transferase. 
Plant cells synthesise another intermediate, cytidine-5'-diphosphate-DAG (CDP-DAG), 
which is used for the synthesis of four ubiquitous mitochondrial and plastidal 
phospholipids: phosphatidyl-glycerol (PG), bisphosphatidyl-glycerol (BPG; also called 
cardiolipin), phosphatidyl-inositol (PI) and phosphatidyl-serine (PS). CDP-DAG is 
synthesised from PA by the transference of cytidine-5'-diphosphate (CDP) to PA by 
CTP:phosphatidate cytidyltransferase. A molecule of glycerol from .m-glycerol-3-
phosphate (glycerol-P) is incorporated into CDP-DAG by glycerophosphate:CDP 
diacylglycerol phosphatidyltransferase to yield phosphatidyl-glycerol-phosphale (PGP). 
The latter compound is hydrolysed by phosphatidylglycerophosphate phosphohydrolase 
to form PG, which is the major phospholipid of thylakoid membrane and precusor of 
BPG. PhosphatidylglycerohCDP diacylglycerol phosphatidyltransferase is enzyme 
responsible for the incorporation of the second molecule of phosphatidyl-glycerol lo 
form BPG. The synthesis of PI is often due to the incorporation of the hcxitol to 
CDP-DAG by the enzyme CDP diacylglycerol: m_yo-inositol phosphatidyltransferasc. 
The inositol ring of PI is subsequently phosphorylated by the enzyme Plimj'o-inositol 
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phosphatidyltransferase to produce various phosphorylated derivatives. The reactions 
are almost exclusive to the endosplasmic reticulum, although some activity is present in 
the mitochondria (4%). Similarly, PS is synthesised from CDP-DAG by the enzyme 
CDP diacyl glycerol: serine phosphatidyltransferase. PS can subsequently be 
metabolised into PE when serine release a branched-carbon by the action of 
phosphatidylserine decarboxylase. 
acetyl-ACP 
+ 
malonyl-CoA 
fatty acyl-CoA 
Glycerol-3-phosphate 
CDP-choIine D A G , CDP-cthanolamine 
CMP 
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T 
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Figure 14. Pathway of phospholipid biosynthesis in plants (adapted from Munnik el al. 
1998). 
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3.1.3. Structure and role of the haustorium on the germination of coconut. 
During germination, the coconut embryo emerges from the nut trough the germ pore 
forming a button of tissue, which quickly develops into shoot and roots. At the same 
time, the distal portion of the embryo enlarges to form a cotyledonary structure, named 
the haustorium (Balasubramaniam et al, 1973; Sigimura and Murakami, 1990). 
The haustorium is a spongy structure, with extensive serrations on the periphery, that 
expands until it fills the entire water cavity. This coincides with the appearance of green 
tissue in the plumule but before opening into green leaves. A fully-developed 
haustorium is basically constituted of an outermost layer, the epithelium, which bears 
undulating structures responsible for endosperm degradation. This tissue is foimed by 
tightly packed tabular cells that contain abundant organelles such as mitochondria, 
plastids, glyoxysomes, rough endoplasmic reticulum, dyctyosomes, and small vesicles. 
Vascular bundles are situated underneath the epithelium and adjacent cells. The inner 
cell layers are loosely-connected amorphous cells with large intercellular spaces among 
them (i.e. aerenchyma). It seems that the substantial increase in the size of haustorium, 
which keeps it in continual physical contact with the degrading endosperm, is mainly 
caused by the expansion of intercellular space (Krishnankutty et al., 1990; Sigimura and 
Murakami, 1990). 
The first function of haustorium in coconut germination is the building up and storing of 
reserves, such as starch and lipid, which are confined in granules and oil droplets, 
respectively. The distribution and quantity of these reserves change throughout 
haustorium development. At the early stage, starch grains accumulate throughout the 
entire parenchyma, while no starch grains are present in the epithelial and vascular 
tissues. Oil droplets are scattered throughout the various tissues. Drastic changcs 
occurred in the following stages, where the haustorium develops actively. The 
epithelium and neighbouring cells located in outer tissues have a large number of starch 
granules and oil droplets, in contrast, in the interior tissues, the number of grain- and oil 
droplet-containing cells decreases gradually towards the central tissues (Krishnankutty 
et al., 1990; Sigimura and Murakami, 1990). 
It is its role in adsorption, digestion, metabolism and mobilisation of reserves contained 
in the solid and liquid endosperm that make haustorium the key organ in coconut 
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germination (Oo and Stumpf, 1979; Balachandran and Arumughan, 1995a,b). The 
epitheUum, bearing the undulating structures, is the major haustorial tissue responsible 
for undertaking the above functions, performing a variety of biochemical events leading 
to the conversion of lipids and complex carbohydrates of the endospeiTn into simple 
sugars (Sigimura and Murakami, 1990) 
The final two enzymes involved in the three-step process (i.e. mannanase, 
(3-mannosidase or galactosidase) of hydrolysis of galactomannan, the major 
carbohydrate in mature solid endosperm, are active in the epithelium (Balasubramaniam 
et ah, 1973; Mujer et al., 1984a,b). Invertase and amylases are also confined in this 
tissue where they break down the adsorbed sucrose from both liquid and solid 
endosperm and the accumulated starch in the haustorium, respectively 
(Balasubramaniam et al., 1973). Both phosphoglucomutase and phosphoglucose 
isomerase are also specific to the epithelial and subepithelial cell layers and participate 
in sugar conversion (Sigimura and Murakami, 1990). The degradation products of 
carbohydrate metabolism serve as a ready source of energy and cell metabolites which 
are particularly important at early stages of germination. 
Once the carbohydrate reserves have almost been depleted in embryo germination, the 
haustorium initiates the utilisation of lipid stores. Endosperm lipases start to release 
lipids, particularly TAG and NEFA, from this tissue causing a drastic reduction in their 
contents. These lipids are absorbed by haustorium and TAG is further hydrolysed by 
haustorium lipases. The NEFA are finally converted into sugars by enzymes of 
^-oxidation and glyoxylate pathways localised in glyoxysomes of epithelial cells. The 
derived sugars are mobilised into shoots and roots by vascular bundles of haustorium 
which are connected to the vascular system of the former organs. These functions may 
be maintained until the photosynthetic machinery begins to operate (Sigimura and 
Murakami, 1990; Balachandran and Arumughan, 1995a,b). 
3.1.4. Hormonal, nutritional and physical factors affecting haustorium growth of 
coconut. 
The study of the factors affecting the growth of haustorium in tissue culture has not yet 
been approached in coconut research. In date palm, studies in vitro determined thai an 
unknown factor contained in the endosperm is responsible of haustorium growth 
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(DeMason et al., 1992). Similarly, many authors have suggested that one or more 
components of both liquid and solid endosperm, such as carbohydrates, lipids and plant 
hormones may be responsible for haustorium development in coconut 
(Balasubramaniam et al., 1973; Balachandran and Arumughan, 1995a,b; White et al., 
1989; Kobayashi et al., 1997). 
a) Sucrose 
Coconut endosperm had approximately 3.74 % total sugars representing soluble sugars 
80 mg per 100 g fresh weight (Balasubramaniam et al., 1973). Most of the soluble 
sugars are constituted by sucrose (89.2 %) resulting ultimately in considerable quantities 
of this sugar in the nut (9.3 g sucrose per nut; Balachandran and Arumughan, 1995a). 
Sucrose plays a key role in haustorium and embryo development of coconut, especially 
during the first two thirds of the period that the embryonic sprout takes to appear from 
the nut (i.e. 14.5 weeks for slow growing ecotypes or 11.5 weeks for fast growing 
ecotypes; Balasubramaniam et al., 1973; Balachandran and Arumughan, 1995a; 
Sigimura and Murakami, 1990). Studies showed that the embryo, including the 
haustorium, utilises mostly sucrose during the above period whilst lipids are 
metabolised later (Balachandran and Arumughan, 1995a,b). Sucrose along with other 
soluble sugars and galactomannans of the endosperm are absorbed by the haustorium. In 
the haustorium, sucrose is hydrolysed by sucrase. Sucrase appears to be an inducible 
enzyme whose activity increases during the very early stages of geimination and then 
decreases to a low level, in parallel to the influx of sucrose from the endosperm 
(Balasubramaniam et al., 1973; Mujer et al., 1984a,b; Sigimura and Murakami, 1990). 
Many reports have suggested that the pool of soluble sugars in haustorium, particularly 
sucrose, are crucial compounds in the development of this organ as they are used to 
synthesise their structural components like pentosans and to supply their energy needs 
(Balasubramaniam et al., 1973). 
b) myo-Inositol 
myo-Inositol (MI) and other stereo-isomers, derived from metabolism, lead to a host of 
functional roles which affect plant growth and development considerably. The oxidation 
of free MI produces D-glucuronic acid which participates in the biogenesis of uronosyl 
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and pentosyl units of pectin, hemicelluloses and related structural components in plant 
cell walls. The conjugation of MI with UDP- D-galactose yields galactinol, the 
galactosyl donor for the biosynthesis in the raffinose and galactopinitol series of 
oligosaccharides. MI is also involved in the biosynthesis of membrane components, 
such phophatidylinositol and its phosphorylated derivatives, which play a critical role in 
cell signal traduction. Furthermore, the activity of auxins, particularly of lAA, is 
considerably modified by their esterification with MI to form esters and glycosides 
(Biffen and Hanke, 1991; Loewus and Murthy, 2000). Because of its large number of 
functions, it is not surprising that MI is used as a standard growth factor in tissue culture 
to promote cell growth and division (Tu et al., 1996; Biffen and Hanke, 1991). 
Coconut water has a neutral fraction with relatively high concentrations of hexitols, 
primarily sorbitol (82.327 mM) followed by scyllo-inosito] (2.777 mM) and 
myo-inositol (0.555 mM). The growth-promoting activity of the three hexitols was 
assessed in carrot cultures and all the evidence assigns m^^o-inositol the key role in this 
fraction (Pollard et al, 1961). Even whole coconut water alone can not trigger the 
growth of plant cells, many reports have suggested that one or more of their components 
affect considerably seedling growth, particularly haustorium development (White et al., 
1989; Kobayashi et al., 1997). Consequently, /M);o-inositol is a strong candidate to 
stimulate haustorial growth of coconut seedlings and, subsequently, their lipid 
metabolism. 
c) Plant hormones: auxins and cytokinins 
Cytokinins and auxins are the major plant hormones controlling cell division and 
expansion, respectively, which leads ultimately to the differentiation of tissues 
(Jayalekshmy et al., 1986, 1988; Nagata et al., 1993). They play a decisive role in 
regulating many aspects of plant growth and development. Many studies have showed 
that the liquid endosperm (i.e. coconut water) contains large quantities of cytokinins and 
auxins (Toniolli et al., 1996; Kobayashi et al., 1995, 1997). Zeatin, zeatin ribose and 
0-glucosylzeatin were identified amongst the potent cytokinins contained in coconut 
water, but less than 1% of the cytokinin activity was accounted by the above hormones 
(Zwar and Bruce, 1970; Letham, 1974; Van Staden and Drewes, 1975; Van Stadcn, 
1976). Recently, a new glycosylated zeatin 14-C>-{3-0-[P-D-galactopyranosyl-(1^2)-
a-D-galactopyranosyl- (l->3)-a-L-arabinofuranosyl] -4-C>-(a-L-arabinofuranosyl-P-D-
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galactopyranosyl}-?ran5-zeatin ribose) was isolated in coconut water and represented at 
least 20% of the total cytokinin activity. Unlike zeatin and zeatin ribose, the novel 
cytokinin is highly water-soluble and can be transported easily in the coconut tissues. It 
was suggested that this cytokinin, after its hydrolysis into zeatin, might be beneficial for 
nourishing the coconut embryos, especially in the development of haustorium 
(Kobayashi et al., 1995, 1997). The confined accumulation of cytokinins, particularly 
dihydrozeatin-9-glucoside, in haustorium of oil palm seedlings might be considered as 
further evidence of stimulatory effects of cytokinins on haustorium development (Jones 
et al., 1995). 
Coconut research has not produced any reports of the effects of auxins on haustorium 
development. It is known that coconut water is the main source of auxins, specifically 
lAA, during germination (Pollard et al., 1961; Toniolli et al., 1996). Because most of 
the haustorium growth is due to cell expansion of central parenchymal tissue (Sigimura 
and Murakami, 1990), it is likely that this auxin plays an important role in coconut 
haustorium growth. 
d) Lipids 
Studies on the effects of the lipids on haustorium growth and seedling development are 
scarce in coconut research. By measuring the activity of enzymes involved in lipid 
utilisation (i.e. enzymes of the (3-oxidation and glyoxylate pathway) and determining the 
lipid composition of endosperm and haustorium developing in intact nuts, some reports 
showed that lipids are involved in haustorium growth. Either TAG or NEFA, released 
from TAG by endosperm lipase, were absorbed by haustorium and, subsequently, 
transformed into sugars to support its own growth as well as that of the whole seedling 
(Balachandran and Arumughan, 1995a,b). It has been reported that lipid metabolism of 
coconut is activated after a drastic slow down of carbohydrate metabolism 
(Balasubramaniam et al., 1973; Balachandran and Arumughan, 1995b). 
Further evidence of lipids affecting haustorium development derives from 
morphological studies. Histological observations of Sigimura and Murakami (1990) 
showed that haustorium forms undulating structures in its epithelial cells in response to 
the presence of coconut endosperm tissues, the main lipid reserve in this plant species. 
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Undulating structures of haustorium are known to be responsible for endosperm break 
down (Sigimura and Murakami, 1990). 
However, it is not possible to determine precisely if haustorium development is a direct 
morphological and physiological response of the zygotic embryos to the presence of 
lipids in the seed environment or, in contrast, the growth of this organ is simply a 
consequence of the utilisation of lipids. To discern this question, studying germination 
in vitro which allows the control of the nutrients and plant growth regulators that 
nourish the embryo, is a valuable technique. In date palm in vitro, experiments showed 
that embryos require mannose, glucose or sucrose as carbon source for germination and 
that an unknown factor within the endosperm affects haustorium induction (DeMason et 
al., 1992). In oil palm, haustorium slices were able to absorb [''^C]-lauric acid and 
another medium-chain fatty acid (10:0) as well as tri-[''^C]-laurin. ['"^CJ-Lauric acid and 
['"^Cj-lOiO were either converted into water-soluble substances or incorporated into 
TAG whilst tri-[''^C]-laurin was not metabolised (Oo and Stumpf, 1983b). 
Unfortunately, the effects of the metabolism of lauric acid and the other fatty acids on 
haustorium development of oil palm were not further studied. 
Studies in vitro involving the addition of lipids in the culture medium should be 
undertaken to have better understanding of the role of the lipids in haustorium 
development and, in general, coconut embryogenesis. As lauric acid is the major fatty 
acid constituting complex lipids, this fatty acid may be a promising lipid to initiate this 
type of study. 
e) Surface sterilisation method. 
There are no reports on the effects of surface disinfection protocols on the haustorium 
growth of coconut. In date palm embryos, the direct exposure of the embryos to 
disinfectant agents caused death of the epithelial cell layer of the cotyledon and 
subsequently lack of haustorium growth (DeMason et al., 1992). Haustorium growth 
was achieved when the embryos were disinfected within cotyledon cubes which were 
made by trimming the seeds. 
Haustorium growth has also been achieved in coconut embryos when they are immersed 
in circular endosperm cores before being disinfected with calcium hypochlorite (45 g/l) 
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for 20 minutes. However, the derived haustoria were small compared with those 
haustoria produced in germination in situ (Assy Bah, 1986; Assy Bah et al, 1987, 
1989). Because the growth of haustorium is minor and sporadic in protocols which 
involved the direct exposure of the embryo to disinfectant agents (i.e. mainly sodium 
hypochlorite and ethanol) (Homung, 1995a,c), it is likely that the method of disinfection 
plays an important role in haustorium development in vitro, but conclusions can not be 
drawn due to the variations in conditions of culture in the above experiments. 
In this chapter, a series of experiments were established to study the factors affecting 
the growth of coconut haustorium. The combinations of concentrations of sucrose with 
lauric acid were studied in a first experiment. Because this experiment produced 
evidence that the timing of supply lauric acid to the zygotic embryos affected the 
growth of haustorium and the whole plantlets, a second experiment was aimed to 
determine the optimal time of feeding the embryos with the fatty acid. As lauric acid, 
the most abundant lipid in coconut, and myo-inositol are precursors of phospholipids, a 
third experiment studied the effects of mjo-inositol concentrations in the culture 
medium in haustorium development, keeping a constant supply of lauric acid. In the 
above two studies, the effects of the factors on the ultrastructure of haustorial epithelium 
were assessed, in addition to measuring the dimensions and fresh weight of the 
haustorium and other organs of coconut plantlets. An experiment was also established to 
study the effects of two methods of surface disinfection in the growth of coconut 
haustorium. 
Finally, the effects of combinations of concentrations of either lauric acid and NAA or 
BAP and NAA on the growth of haustorium and other organs of coconut plantlets were 
studied in two separate experiments. A constant supply of lauric acid was used in the 
experiment testing the two growth regulators. In addition to assessing the growth, the 
metabolism of lauric acid was studied in haustorium and the other organs. Using TLC 
coupled to radioscanning, the content of fatty acids derived from the transformation of 
lauric acid was determined in the organs of the plantlets as well as their content of lipid 
classes in which these fatty acids were incorporated. 
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3.2. Materials and methods. 
3.2.1. Materials. 
3.2.1.1. Apparatus, instruments and other materials. 
Materials and routine apparatus Company and speciHcations 
analytical balance 
automatic medium dispenser 
automatic pipette 
centrifuge 
centrifuge 
digital balance 
dissection microscope 
dissection needle 
filter paper no.l 
flat embedding mould in resistant rubber 
forceps 
grids of copper mesh formar-coated 200 
liquid scintillation counter 
optical light microcope 
radioscanner 
razor blade single edge 
reversed phase TLC plates 
soda glass tube 
stirrer-hot plate with stirrer 
test tubes 
TLC silica gel plates with channels 
transmission electron microscope 
tumbler 
ultra-microtome 
vials 
vortex mixer 
Sartorious' precision 0.0001 g 
Acuboy, Tecnomara obtained from 
Scientific Laboratory Supplies^ 
Gilson^ capacity 1000 |il 
Sorvalf Super T21 
Denley BR401 obtained from Thermo Life 
Sciences^ 
Sartorious precision 0.001 g 
Leica*^ 
Merck^, steeled 10 cm 
Whatman^ 
Agar Scientific^ 
Merck, steeled curved 15 cm length 
Agar Scientific 
1211 Rackbeta, LKB Wallac 10 
Nikon type 108 
Bioscan System 2000 Imaging, Lab 
Logic 
Agar Scientific 
Whatman cat. no. 4800-820 silica gel 60 A 
plates silanized with Cig-bonded (12%), 
thickness 200 p,m and size 20 x 20 cm. 
100 ml; Fisher'^ 
Ibby HB502 obtained from Fisher 
10 ml; Fisher 
Whatman cat. no. 4866-821, layer 
thickness 250 jLim silica gel 60 A size 20 x 
20 cm 
Hitachi H7000 obtained from Pi sons 
Polaron Equipments'^ 
Ultracut E Leica'^ 
7 ml; Fisher 
Whirlmixer, Fisons 
14 
1) Sartorious GMBH, Gottingen, Germany 
2) Scientific Laboratory Supplies Ltd, Nottingham, UK. 
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3) Gilson SA, Villiers-Ie-Bel, France 
4) Sorvall, New Town, CT., USA 
5) Thermo Life Sciences, Hampshire, UK. 
6) Leica, Milton Keynes, UK. 
7) Merck KGaA, Darmstadt, Germany 
8) Whatman International Limited, Maidstone, Kent, UK 
9) Agar Scientific, Stansted. 
10) LKB Wallac, Wallac Oyl, Finland 
11) Nikon House, Surrey, UK. 
12) Lab Logic, Sheffield, UK. 
13) Fisher Scientific UK Limited. Loughborough, Leicestershire, UK 
14) Fisons Scientific Apparatus, Loughborough, Leicester, UK. 
15) Polaron Equipments Ltd, Watford, UK 
3.2.1.2. Chemicals. 
Compound Formula Grade Supplier 
acetic acid CH3COOH analytical (99%) Fisher' 
acetone (CH3)2C0 9 9 % BDH^ 
acetonitrile CH3CN 99.7% BDH 
activated charcoal Sigma^ 
agar 100 resin or epon 812 Agar 
Scientific'* 
aluminium chloride anhydrous AlCls 99% Sigma 
bleach 5 % sodium Brobat^ 
hypochlorite 
benzyldimethylamine C6H5CH2N(CH3)2 
d-biotin C10HI6N2O3S 99.5% Sigma 
calcium hypochlorite Sigma 
calcium-D-pantothenate CgHieNOg .^a 99.9% Sigma 
capric acid 10:0 C10H20O2 99% Sigma 
caproic acid 6:0 C6H12O2 99% Sigma 
chloroform CHCI3 99% BDH 
cholesteryl formate C28H46O2 98% Sigma 
cholesteryl oleate C45H78O2 99% Aldrich*' 
2',7'-dichlorofluorescein C2OH|OC]205 90% Sigma 
diethyl ether (C2H5)20 98% BDH 
diisopropyl ether [(CH3)2CH]20 distol Fisher 
dodecenyl succinic anhydride C16H2603 99% Agar 
Scientific 
ethanol C 2 H 5 0 H 99.7% BDH 
ferric chloride FeCb 96% BDH 
hexane CH3(CH2)4CH3 distol Fisher 
hydrochloric acid HCl analytical Fisher 
32 % (v/v) 
iodine I2 99.8% BDH 
L-a-phosphatidyl choline 99% Sigma 
lead citrate Pb(N03)2 99.8% BDH 
linolenic acid 18:3 C18H32O2 99% Sigma 
lipid standard containing 99% Sigma 
triolein, diolein and monoolein 
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Compound Formula Grade Supplier 
methanol CH3OH distol Fisher 
MS medium Duchefa^ 
myo-inositol 99% Sigma 
naphthaleneacetic acid (NAA) C12H10O2 97% Sigma 
n-heptane CH3(CH2)5CH3 distol Fisher 
nicotinic acid C6H5NO2 99% Sigma 
oleic acid oleyl ester C36H68O2 99% Sigma 
osmium tetraoxide OSO4 99% BDH 
phytagel Sigma 
pyridoxine CgHnNOsHCl 99% Sigma 
silver nitrate AgN03 99% Sigma 
P-sitosterol C29H50O 40%from soybean Sigma 
sodium chloride NaCl analytical BDH 
9 9 % 
sodium citrate NasC^HsO?' H2O 99.8% Agar 
Scientific 
sodium hydroxide NaOH analytical Fisher 
98 % 
sodium sulphate anhydrous Na2S04 99.5% Fisher 
sodium tetraborate (borax) Na2B407 IOH2O 
stearic acid 18:0 C18H36O2 99% Sigma 
sucrose (from sugar cane) C12H22O11 Sigma 
Sudan black B michrome Edward 
no. 165 Gurr Ltd.^ 
tetrahydrofuran CH2(CH2)2CH20 9 9 % BDH 
thiamin C,2H,7CIN40S 99% Sigma 
toluene C6H5CH3 distol Fisher 
toluidine blue 
triolein C57HI04O6 99% Sigma 
uracyl acetic acid C6H6N204 98% Sigma 
1) Fisher Scientific UK Limited. Loughborough, Leicestershire, 
2) BDH Laboratories Supplies. Poole, England. 
3) Sigma Chemical Company. Dorset, UK. 
4) Agar Scientific Ltd., Essex, UK. 
5) Brobat, Jeyes, UK 
6) Aldrich Chemical Company Inc. Milwaukee, USA. 
7) Duchefa, Haarlem, The Nerthelands 
8) Edward Gurr Limited, London, UK. 
UK. 
3.2.1.3. Radiochemicals. 
Compound Formula Specific activity Supplier 
[l-''^C]caprylic acid 8:0 CgH|()02 60 mCi/mmol ICN' 
[l-'^^CJlauric acid 12:0 C12H24O2 55 mCi/mmol Amersham 
[l-"*C]linoleic acid 18:2 C18H32O2 54.6 mCi/mmol Amersham 
Glycerol tri[9,10(n)-^H]oleate C57H104O6 1 Ci/mmol Amersham 
[l-"^C]myristic acid 14:0 C,4H2802 38 mCi/mmol Amersham 
[l-"*C]oleicacid 18:1 C,8H3402 52.7 mCi/mmol Amersham 
[l-"^C]palmitic acid 16:0 C16H32O2 56 mCi/mmol Amersham 
1) ICN, Basingstoke, UK. 
2) Amersham Life Science, Bucknghamshire, England. 
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3.2.1.4. Sources of plant material. 
All experiments included in this chapter used coconut zygotic embryos of the genotype 
MYD. The embryos were obtained from the coconut plantation of Colegio de 
Postgraduados de Mexico located in Tabasco State. The embryos were firstly removed 
from mature coconuts (11-12 months after fertilisation) embedded in endosperm cores 
of 2.5 cm diameter and then immediately excised for their establishment in vitro. Both 
these activities were carried out in their country of origin. 
3.2.2. Methods. 
3.2.2.1. Experimental design and recording and analysis of data. 
a) Experimental design. 
Seven experiments were established to study the effects of various factors on 
haustorium growth and/or metabolism of lauric acid by coconut zygotic embryos. 
In the first experiment, the effects of sucrose (0, 0.058 and 0.166 M) and lauric acid (0, 
2 and 5 mM) concentrations in the culture medium on haustorium growth were studied. 
Sucrose concentrations were chosen based on the optimal concentration of this 
carbohydrate (0.166 M) determined for zygotic embryos in previous works (Assy-Bah, 
1986; Assy-Bah et al., 1989; Blake, 1995; Homung, 1998) whilst for lauric acid the 
concentration reference was the maximum content of the fatty acid (2 mM) determined 
in liquid endosperm in chapter 2. A constant concentration of activated charcoal of 5 g/1 
was used in the culture medium. This experiment lasted 30 days and the embryos were 
kept without any transference. All growth variables were measured at the end of the 
experiment. The experiment had a completely randomised design with a 3x3 factorial 
arrangement. Five replicates were assigned for each treatment, each replicate consisting 
of a single zygotic embryo cultured in a test tube. 
The second experiment, the effects of altering the time of supplying of lauric acid on 
haustorium growth was assessed by providing a physiological lauric acid concentration 
in the culture medium by reducing the concentration of activated charcoal (i.e. from 5 to 
1.5 g /I) at various stages of culture (i.e. 15, 30, 60 and 75 days of culture). A constant 
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quantity of lauric acid (5 mM) was added to the culture medium throughout culture. The 
experiment had a completely randomised design considering the stages of culture as 
treatments. Five replicates were considered for each treatment. Growth measurements of 
the coconut zygotic embryos were carried out after 215 days of culture. A histological 
analysis using electron microscopy of two replicates from each treatment was carried 
out simultaneously. 
In parallel, an experiment without embryos was established to determine the quantity of 
"free" lauric acid in the gelled medium (i.e. not bound to activated charcoal, hereafter 
referred to as "free" lauric acid) contained in the culture medium by varying the 
concentration of the latter compound. Three lauric acid (0.00025, 5 and 10 mM) and 
four activated charcoal (0.1, 0.5, 2.5 and 5.0 g/1) concentrations in the culture medium 
were tested. In the case of 5 mM of lauric acid, additional concentrations (1.0 and 1.5 
g/1) of activated charcoal were also tested. A completely randomised design with a 
3x4 factorial arrangement was used to assess the effects of lauric acid and activated 
charcoal concentrations on the quantity of "free" lauric acid simultaneously. For the 
analysis of the data derived from the concentration of 5 mM of lauric acid a simple 
completely randomised design with six treatments was used. Three replicates were 
assigned for each treatment and the measurement of "free" of lauric acid was carried out 
one day after preparing the culture medium. 
In the fourth experiment, the effects of two methods of surface sterilisation on the 
growth of coconut haustorium were assessed. The first disinfection method involved 
the use of calcium hypochlorite as disinfectant agent whilst in the second method 
sodium hypochlorite was utilised, as described in section 2.2.2.3. A constant 
concentration of lauric acid (2 mM) and activated charcoal (5 g/1) were added to the 
culture media at the beginning of the experiment. The concentration of activated 
charcoal in the culture medium was reduced to 1.5 g/1 after 80 days of culture and 3 g/1 
phytagel was also added. This experiment had a completely randomised design 
considering the methods of surface sterilisation as treatments. Eleven replicates were 
considered for the first method whilst twelve were used for the second. Growth 
measurements were carried out after 215 days of culture. 
Four concentrations (0, 0.10, 0.555 and 2.777 mM) of myr^-inositol in the culture 
medium were tested to study their effects on the development of coconut haustorium in 
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the fifth experiment. A constant concentration of lauric acid (2 mM) and activated 
charcoal (5 g/1) were added to the culture medium of all the treatments. The 
concentration of activated charcoal in the culture medium was reduced to 1.5 g/1 after 
80 days of culture and 3 g/1 phyatgel was added. Growth measurements of the zygotic 
embryos were carried out after 45, 80, 125, 170 and 215 days of culture with exception 
of the fresh weight of shoot, root and haustorium which was carried out only in the last 
three periods of culture. The experiment had a completely randomised design with a 
4x5 factorial arrangement, considering myo-inositol concentrations and duration of 
culture as factors. Five replicates were assigned to each treatment. A histological 
analysis using electron microscopy of two replicates (i.e. embryos) from each treatment 
was carried out at the end of the experiment. 
In the sixth experiment, three concentrations of lauric acid (0.00045, 2 and 5 mM) and 
naphthaleneacetic acid (0, 0.1 and 0.4 mM) were tested to study their effects on 
haustorium development and lauric acid metabolism. Like the other experiments, a 
constant concentration of activated charcoal (5 g/1) was added to the culture medium of 
all the treatments and was reduced to 1.5 g/1 after 80 days of culture while 3 g/1 phyatgel 
was added. Growth measurements of the zygotic embryos were carried out after 45, 80, 
125, 170 and 215 days of culture whilst the content of radioactive lauric acid in tissue 
and its metabolism was assessed in the last three periods of culture (i.e. 125, 170 and 
215 days). The experiment had a completely randomised design with a factorial 
arrangement considering lauric acid and naphthaleneacetic acid concentrations and 
duration of culture as factors. Five replicates were considered for the metabolic 
assessment while the growth measurements were carried out on at least ten replicates 
during each period of culture. Light microscopy analysis was carried out in three 
replicates of haustorial tissue derived from embryos cultured in medium containing 2 
mM lauric acid and without naphthaleneacetic acid at the end of the experiment. 
The effects of three concentrations each of benzylamino-purine (BAP) and NAA (0, 0.1 
and 0.4 mM) on haustorium development and lauric acid metabolism were also studied 
in a seventh experiment. The concentration of lauric acid was kept constant and 
activated charcoal was altered as in the other experiments. The experimental design, 
growth and metabolic measurements were the same as in the previous experiment. 
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b) Recording and analysis of data. 
Growth measurements involved all variables described in section 3.2.2.10. The 
metabolic measurements included the total content of radioactive lauric acid and its total 
incorporation into lipid classes in shoot, root and haustorium of developing embryos. 
Quantification of individual lipid classes and fatty acids was also carried out in these 
three types of tissue. Identification and calculations of fatty acid and complex lipids was 
worked out as described in sections 3.2.2.4, 3.2.2.5 and 3.2.2.7. The recorded variables 
varied between experiments and periods of culture as detailed in the previous section. 
Differences between factor and treatment effects were assessed by analysis of variance 
(ANOVA) and the mean comparisons were carried out by least significant difference 
(LSD) analysis (Snedecor and Cochran, 1989) using the statistical program SAS (SAS 
Institute Inc., 1994). The Tukey test was also used for the mean comparisons to ensure 
effective control of the type I error. However, the results were very similar to the LSD 
analysis. In the experiment comparing two methods of surface sterilisation, comparison 
of means was carried out by the independent sample t-test (Snedecor and Cochran, 
1989). 
3.2.2.2. Composition and preparation of culture medium. 
The culture medium was composed of mineral salts of Murashige and Skoog (MS 
medium; 4.302 g/1) supplemented by a mixture of vitamins (Appendix Table 11; Morel 
and Wetmore, 1951), 0.116 M sucrose, 5.0 g/1 activated charcoal, and 2 mM lauric 
acid, unless other concentrations were tested in the experiments. After 80 days, the 
activated charcoal was reduced to 1.5 g/1 and 3 g/1 phytagel was added to the culture 
medium. Additionally, NAA and BAP were added to the medium at the previously 
mentioned concentrations in some experiments. 
The preparation of the culture medium started by adding the non- and radioactive lauric 
acid in a glass beaker (volume varied according to the final volume ol medium to be 
prepared). The radioactive lauric acid provided 55, 000 dpm per ml of culture medium 
at final concentration. Immediately, 7 ml of hexane was added to dissolve both types of 
lauric acid. The solution was dried completely using a stream of nitrogen gas at slow 
flow to avoid losses. A volume of 2 M NaOH solution containing the equivalent 
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quantity of the lauric acid was added to the residue together with a volume of water 
corresponding to 75% of the final volume of the culture medium. The mixture was 
heated to 60 °C until lauric acid was dissolved completely. Three aliquots of 250 |il 
were taken to measure the radioactivity of the medium. Subsequently, the remaining 
medium components were added to the mixture, one at a time, keeping the pH of the 
solution above 6.6. A glass probe was used to monitor the pH during all steps of 
medium preparation. After adjusting the pH to precisely 5.7, 36 ml of culture medium 
were added to each 100 ml soda glass test tube using an automatic dispenser. All tubes 
containing medium were autoclaved at 103.5 kPa for 20 minutes and used the following 
day. 
When gel medium was prepared, 108 mg of phytagel was added to each 100 ml test 
tube before dispensing 36 ml of culture medium. The step of dissolving lauric acid with 
hexane was omitted when non-radioactive medium was prepared. 
The specific radioactivity varied according to the concentration of non-radioactive 
lauric acid in the culture medium. Culture medium containing 0, 2, 5 and 10 mM lauric 
acid had specific activities of 55.0, 0.0124, 0.00495, 0.00248 nCi/nmol, respectively. 
The stock solutions of NAA and BAP were prepared at the concentrations of 2.56 and 
10 mM, respectively. A molar equivalent of NaOH was added to dissolve both plant 
growth regulators. 
3.2.2.3. Preparation and culture of the explants. 
The mature zygotic embryos were prepared in a similar manner to that described by 
Assy-Bah and co-workers (Assy-Bah, 1986 and Assy-Bah et al., 1987). In their country 
of origin, the cores of coconut endosperm containing the embryos were surface 
sterilised with a calcium hypochlorite solution at 45 g/1 for 30 minutes. Immediately, the 
plant material was rinsed three times with sterile water followed by excision of the 
embryos from the endosperm cores. The embryos were put into 7 ml vials containing 5 
ml liquid medium with the composition described for each experiment for their 
transportation to United Kingdom. After three days, the embryos were definitively 
transferred into 150 ml soda glass tube containing 36 ml liquid culture medium. 
Embryos were incubated in the dark at 29 °C for 80 days changing the medium after 45 
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days. After this period, the embryos were cultured on gel medium keeping the same 
conditions. The derived plantlets were transferred every 45 days to fresh gelled medium. 
In the experiment comparing the effects of two methods of surface sterilisation on the 
growth of haustorium of coconut zygotic embryos, the first method used calcium 
hypochlorite as disinfectant agent described above whilst sodium hypochlorite was 
involved in the second method as detailed in section 2.2.2.3. The last method was also 
used to disinfect embryos of the first experiment testing various combinations of 
sucrose and lauric acid concentrations in the culture medium. 
3.2.2.4. Extraction of lipid and identification of lipid classes. 
The lipid extraction was carried out according to the method of Christie (1989) to obtain 
total lipids as described in section 2.2.2.4. Aliquots of 750 |il of the bottom phase, 
containing total radioactive lipids, from each tissue extracts were concentrated to half 
volume and loaded into each lane of TLC silica gel plates with channels. The TLC 
plates were developed in the solvent system n-heptane:diisopropyl ether:acetic acid 
(60:47:2 by volume) to separate lipid classes. An aliquot of 30 |il of a toluene solution 
containing non-radioactive authentic standards of lipid classes was loaded into the 
central and two side-marginal lanes to identify the radioactive lipid classes from the 
hpid extracts detected by radioscanning as described in section 3.2.2.6. The 
non-radioactive standards were visualised using iodine vapour. 
The toluene solution containing standards of lipid classes was composed as follows: 
Compound Concentration 
(mg/l) 
triolein 224 
diolein 
1,3-isomer 034 
1,2-isomer 0.06 
monoolein 0.4 
P-sitosterol OJJW 
L-a-phosphatidyl choline 3.2 
oleic acid 0.4 
cholesterol formate 0.165 
oleic acid oleyl ester 2.0 
cholesteryl oleate 0.9 
80 
Confirmation of the presence of plant sterols and sterol esters in the lipid extracts was 
carried out using a staining method which involved the utilisation of a ferric chloride 
reagent (Kates, 1986). This reagent was prepared by dissolving 50 mg of FeCb* 6H2O in 
90 ml of water followed by the addition of 5 ml of glacial acetic acid and 5 ml of 
concentrated H2SO4. After spraying and heating the TLC plates at 100 °C, the plant 
sterols appeared as red to violet spots within 2-3 minutes whilst the sterol esters 
appeared somewhat later, also as violet spots. 
3.2.2.5. Hydrolysis and identification of fatty acids. 
Fatty acids were hydrolysed from complex lipids using a procedure to produce the acid 
forms by an alkaline agent as described by Christie (1989). An aliquot of 750 |il of the 
bottom phase, containing total lipids, from each tissue extract was completely dried 
using a stream of nitrogen gas. The lipid sample was then refluxed in 2 ml of a 1 M 
solution of KOH in 95 % ethanol for 1 hour. 
After cooling, 5 ml water and 5 ml hexane:diethyl ether (1:1 v/v) were added and the 
tube contents were mixed vigorously using a vortex mixer. The mixture was centrifuged 
for 7 minutes at 3500 rpm to separate the two phases. The aqueous phase was 
transferred into another 15 ml test tube. The hexane:diethyl ether phase was re-extracted 
twice with 2.5 ml of water and the extracts combined. The resulting aqueous phase was 
acidified with 0.4 ml 6 M hydrochloric acid. The non-esterified fatty acids were 
extracted with 4 ml hexane:diethyl ether (1:1 v/v). Two washes were carried with the 
same solvent to obtain high recovery of the fatty acids. The volume of the combined 
ether phase was concentrated in a nitrogen gas stream to 500 to be used subsequently 
in the analysis. 
Separation of the radioactive non-esterified fatty acids was carried out by TLC in a two-
step procedure. The first step consisted of separating saturated from unsaturated fatty 
acids using silver nitrate TLC. The TLC silica gel plates with channels were prepared 
by immersing the plates in a solution of 8% AgN03 in aqueous methanol (9:1 v/v). The 
plates were activated overnight at 100 °C. All activities involved in the preparation of 
the plates were carried out in a dark room. After hydrolysis, the concentrated ether 
phase from each tissue extract was loaded onto individual lanes of silver 
nitrate-impregnated TLC plates. The plates were developed in the solvent system 
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n-heptane:diisopropyl ether:acetic acid (60:47:2 v/v/v; Christie, 1989). The saturated 
and unsaturated fatty acid were identified by radioactive and non-radioactive authentic 
standards. Standards included most of the saturated (i.e. from 6:0 to 18:0) and 
unsaturated (i.e. from 18:1 to 18:3) fatty acids detected in coconut tissue; with exception 
6:0, 18:0 and 18:3 all the components were '"'C-labelled. 
The radioactive fatty acids were detected by radioscanning while the non-radioactive 
fatty acids were visualised by sequential staining by spraying with the following 
solutions: (1) 0.1 % (w/v) 2',7'-dichlorofluorescein in 95 % methanol, (2) 1% (w/v) 
aluminium chloride in ethanol and (3) 1% (w/v) aqueous ferric chloride. The plates 
were warmed about 45 °C after each spray (Fried, 1989). 
After detection, the spots on the silica gel plates corresponding to saturated fatty acids 
were scraped and transferred into 10 ml test tubes. The saturated fatty acids were 
extracted with 5 ml solvent hexane;diethyl ether (1:1 v/v) from the silica gel. The 
extracts were washed twice with 1 ml of 20 % (w/v) aqueous sodium chloride solution 
to remove the silver and stain from the fatty acids, separating the organic and aqueous 
phases by centrifugation at 1500 rpm after each wash (Christie, 1989). The organic 
phases containing the saturated fatty acids were dried by adding approximately 5 g of 
anhydrous Na2S04 to each tube and then concentrated to 400 jil using a nitrogen stream. 
The second step for identification of fatty acids involved the use of reversed-phase TLC. 
The concentrated organic phases containing saturated fatty acids were loaded in each 
lane of reversed-phase TLC plate. The lanes were separated from each other by 3 cm 
gaps to avoid measuring the radioactivity of neighbouring lanes during radioscanning. 
The plates were developed in the solvent system acetonitrile: tetrahydrofuran:water 
(90:25:10) and the identification of individual saturated fatty acids was carried out 
using authentic standards. 
3.2.2.6. Assessment of radioactivity. 
To measure total accumulation of lauric acid in tissue, two aliquots of 50 jil were taken 
from one-phase solvent system (chloroform: methanohwater 1:2:0.8 by volume) at the 
beginning of lipid extraction of shoot, root and haustorium tissue using the method 
detailed in section 2.2.2.4. Each aliquot was put into a 22 ml plastic disposable vial 
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containing 7 ml of scintillation cocktail. The radioactivity was counted for 10 minutes in 
the 1211 Rackbeta liquid scintillation counter (LKB Wallac, Wallac Oy, Finland) using 
an external standard ratio quenching method from a software created by Wye College, 
University of London. The quenching curve of this method was created by using 
quenching standards provided by Amersham (Amersham Life Science, 
Buckinghamshire, England). 
Two 250 lull aliquots of the bottom phase of the two-phase solvent system, detailed in 
the method of section 2.2.2.4, were taken from each extract of shoots, haustoria and 
roots during the extraction of lipids. The measurements of radioactivity of these samples 
were carried out in a similar manner to that described for the determination of 
accumulated lauric acid in tissue. The values of radioactivity were used to calculate the 
incorporation of lauric acid into complex lipids in the following section (section 
3.2.2.7). 
The total content of radioactive lauric acid in the medium and its amount free in the 
gelled medium (i.e. not bound to activated charcoal, hereafter refeired to as "free" lauric 
acid) was measured after each period of culture. To measure the total content of 
radioactive lauric acid, the culture medium was frozen three times to break completely 
the gel. After homogenising the medium with a spoon type spatula, 400 mg of medium 
were weighed into 20 ml scintillation plastic vials. Two aliquots were taken from each 
replicate of each treatment. Following the addition of 7 ml of scintillation cocktail, the 
radioactivity of each tissue sample was measured for 10 minutes in the scintillation 
counter using a sample channel ratio quenching method from the dedicated software 
contained in the 1211 Rackbeta Liquid Scintillation Counter. 
To measure the radioactivity corresponding to "free" lauric acid in the medium, 1.5 ml 
of medium from each culture was pipetted into 1.5 ml microcentrifuge tubes to be 
centrifuged at 14,000 rpm for 14 minutes. The supernatant was transfeired to another 
microcentrifuge tube for a second centrifugation. Carefully, two aliquots of 350 p.1 were 
transferred from each microcentrifuge tube into two plastic scintillation plastic vials 
containing 7 ml of scintillation cocktail for counting. The radioactivity of the aliquots 
was counted for 10 minutes using an external standard ratio method of quench 
correction. 
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After separation by TLC and identification with authentic standards, the lipid classes 
and fatty acids were detected by radioscanning. The radioscanner used was a BioScan 
System 200 Imaging scanner with the software Win-Scan V 1.6 (Lab Logic, Sheffield, 
UK). Each TLC lane was scanner by a 0.6 cm planar detector during 30 minutes. The 
percentages of lipid classes and fatty acids were calculated using the areas of their 
radioactive peaks. 
3.2.2.7. Assessment of accumulation of lauric acid in tissue, its total incorporation into 
lipid classes and quantification of individual lipid classes and fatty acids. 
The content accumulation of lauric acid in the organs (i..e. shoot, root and haustorium) 
was estimated considering the concentration of non-radioactive lauric acid, the 
radioactivity of the tissue extract aliquot (i.e. expressed as disintegrations per minute, 
dpm) and specific activity as follows; 
Accumulation of lauric acid (nmoles/g tissue) = RAT (dpm) x TVE x 1 x 1000 
2220 VA SA TWT 
Where the terms were defined as follows; 
RAT = Radioactivity in the aliquot of the tissue extract. 
TVE = Total volume of the tissue extract (ml) 
VA = Volume of the tissue extract aliquot (ml) 
SA = Specific activity of lauric acid (nCi/nmole) 
TWT= Total fresh weight of the tissue (mg) 
The specific activity (SA) was calculated taking in account the specific activity of stock 
solution of radioactive lauric acid, the mass of non-radioactive and radioactive lauric 
acid per ml of culture medium and radioactivity per ml of culture medium using the 
following formula; 
SA (nCi/nmole) = RAM (nCi) 
MRC (nmole)-t-MNRC (nmole) 
Where; 
RAM = Radioactivity per ml of culture medium (nCi) before incubation of the tissue. 
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= (radioactivity per ml of culture medium in dpm / 2220). 
MRC = Mass of radioactive lauric acid per of ml culture medium before tissue 
incubation. 
= Radioactivity per ml of culture medium (nCi)/specific activity of stock solution 
of radioactive lauric acid 
(nCi/nmole). 
MNRC= Mass of non-radioactive lauric acid per ml of culture medium (nmole) before 
tissue incubation. 
The content of lauric acid in the bottom phase of the two-phase solvent system, detailed 
in the method of section 2.2.2.4, was calculated in the same manner to that described 
for the accumulated quantities of the fatty acid in tissue. The lipid classes and fatty 
acids, derived from the supplied lauric acid, were worked out considering the total 
content of this fatty acid in the bottom phase of the tissue extracts and the percentages 
of the individual lipid classes and fatty acids determined by radioscanning. 
The quantity of incorporated lauric acid was calculated by subtracting the quantity of 
non-esterified fatty acid, which was worked out using the percentages of lipid classes 
obtained after TLC and radioscanning, from the total content of lauric acid in the 
bottom phase from each organ extract (i.e. lipid extracts from shoots, haustoria and 
roots). 
Hereafter, accumulation and incorporation of lauric acid is referred as the radioactively 
labelled lauric acid which was accumulated in tissue and incorporated into complex 
lipids either as lauric acid itself or as its derivatives from the plant metabolism, 
expressed as nmoles taking into account the specific radioactivity of the precursor fatty 
acid. Calculations assumed that the lauric acid concentration in the medium, other than 
as added, was insignificant. The results, therefore, can be considered as total lauric acid 
taken up and incorporated into specific products. 
3.2.2.8. Assessment of lauric acid content in the culture medium. 
The amount of total and "free" lauric acid in medium was converted to nmol/g medium 
the same manner as described for its content in tissue the above section (section 
3.2.2.7). Measurements were carried out after each period of culture. 
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3.2.2.9. Histological analysis. 
Histological analysis was carried out in haustorial tissue by light and electron 
transmission microscopy. For light microscopy, two haustoria were excised from 
plantlets, which grew in culture medium containing 2 mM lauric acid and lacking NAA, 
after 215 days of culture. Haustoria from plantlets derived from germination of intact 
nuts, the plant material of the studies of the chapter 2, were also used for histological 
analysis. Two haustoria were excised from the plantlets at each period of culture (i.e. 
after 0, 1, 2, 3 and 4 months of culture). The processing of the coconut tissue in light 
microscopy consisted of fixation, dehydration and embedding. 
To fix, the haustorial tissue was taken out gently from the culture with forceps and 
transferred into glass vials of 2 cm diameter and 2 cm length containing a fixing 
solution. This solution was composed of ethanol 47.5% (v/v), acetic acid 2.5 % (v/v), 
formaldehyde 4% (v/v) . The tissue was kept in the fixing solution for between 2 and 4 
weeks. 
The tissue was dehydrated by immersing it in serial solutions of ethanol from 50 to 
100% in steps of 10%. The coconut tissue was immersed for 24 hours in each 
concentration beginning with the lowest one. The tissue samples were kept for 3 days at 
100 % ethanol changing the solution of the glass vials every 24 hours. The first day the 
absolute ethanol contained erythrosine B to dye the tissue samples. 
Before embedding, the tissue was immersed for 24 hours in histoclear and three days in 
wax at 60 °C changing the wax every 24 hours. The moulds used were made of plastic 
with a dimensions of 2x2x0.8 cm. 
Once processed, the tissue was stained with safranin O, fast green and crystal violet 
according to the method of Gerlach (1969) as follows: 
1. Immersion in histoclear for 3 minutes, 
2. Immersion in 100% ethanol for 1 minute. 
3. Immersion in 90 % ethanol for 1 minute. 
4. Immersion in 70% ethanol for 1 minute. 
5. Immersion in safranin O for 1 hour. 
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6. Immersion in constantly changing water for 5 minutes. 
7. Immersion in crystal violet for 2 minutes. 
8. Immersion in distilled water for 1 minute. 
9. Dipping several times in 90% ethanol until no more violet stain was removed. 
10. Dipping several times in fast green until no more violet stain was removed. 
11. Two immersions in absolute isopropanol for 3 minutes 
13. Immersion in histoclear for 3 minutes 
14. Covering the tissue section in histomount for 5 minutes. 
The safranin O was a 3% (w/v) solution made up in 50% ethanol, the fast green was a 
0.25% (w/v) solution made up in 90% ethanol and the crystal violet was a 1% (w/v) 
solution made up in distilled water. 
Additionally, light microscopy was used to confirm the presence of oil bodies in 
haustorial tissue by using hand-sections stained with sudan black B. The haustorial 
tissues were immobilised in the cavity of a hand-microtome by using pith and then were 
hand-sectioned with razor blade. Hand-section tissues were kept in a petri dish with 
distilled water until approximately 30 sections were produced. After discarding the 
distilled water, the hand-sections were immersed for 10 minutes in a solution of 0.5 % 
(w/v) Sudan B in 70% (v/v) ethanol, filtered just before of use. The sections were 
observed in the light microscopy after removing the excess of sudan B with a solution 
of 70% (v/v) ethanol (Gurr, 1979). 
For transmission electron microscopy, samples of 1-2 mm^ were excised from the 
epithelial and subepithelial cell layers of the coconut haustorium using a razor blade. 
Samples were immersed immediately in a 0.1 M phosphate buffer solution at pH 6.6 
containing 3 % (v/v) of glutaraldehyde as fixadve agent. After 12 hours, the tissue 
samples were immersed twice for 10 minutes in fresh phosphate buffer solution without 
glutaraldehyde using two petri dishes. Subsequently, the tissue samples were immersed 
for 1 hour in a second fixative solution composed of 1% (w/v) osmium tetroxide in the 
same buffer. The fixation process concluded with two successive immersions of the 
sample for 10 minutes in the buffer solution without any fixative agent. 
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During the process of dehydration, the water was replaced with acetone by immersing 
the tissue samples in a series of gradually increasing concentrations in solutions of 
acetone as follows: 
Concentration of acetone solution Immersion time 
1.509& 10 minutes 
2. 709& 10 minutes 
3. 809% 10 minutes 
4. 909% 10 minutes 
5. 100% dried in molecular sieves 1 hour 
6. 100% dried in molecular sieves 1 hour 
7. 100% dried in molecular sieves 1 hour 
During embedding, the acetone contained in the tissue samples was replaced with the 
liquid epoxi resin mixture epon-araldite (Appendix Table 12) which became solid after 
its polymerisation by keeping the samples in the oven at 60 °C. The embedding 
procedures was as follows: 
Mixture Immersion time 
1. Dried acetone:resin (2:1 v/v) 1 hour 
2. Dried acetone:resin (1:1 v/v) 1 hour 
3. Dried acetone:resin (1:2 v/v) 1 hour 
4. Fresh resin in vial on a tumbler overnight 
5. Fresh resin in vial at - 2 0 °C 48 hours 
6. Fresh resin in a vial uncovered 7 hours 
At the end of this procedure, the samples were removed from the moulds and left in the 
oven at 60 °C for 48 hours. 
Light microscopy was used to select blocks and a specific area of the blocks for further 
study of electron transmission microscopy. Firstly, a block of hard resin containing the 
tissue sample was trimmed to shape using a razor blade with the aid of a dissecting 
microscope. The block was next placed in an ultra-microtome, and a glass knife was 
used to cut 1-2 fxm sections from the block face. The sections were collected on a glass 
slide and stained in an aqueous solution containing 1% (w/v) toluidine blue and 1% 
(w/v) borax. Finally, an area was selected for electron microscopy after an assessment 
of the state of the tissue. 
Sectioning for transmission electron microscopy started with retrimming the sclcctcd 
block to reduce the block face to 0.5-1.0 mm across. The block was remounted in the 
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ultramicrotome, and oriented precisely with respect to a high quality diamond knife. 
Ultrathin sections were cut, and immediately floated onto the surface of water contained 
in a small "boat" mounted behind the knife edge. The water supports the sections, and 
the interference colours produced allowed identification of sections of the con^ect 
thickness. Only silver-gold or gold sections, ranging in thickness from 70-90 nm, were 
suitable for electron microscopy. 
The section were collected on grids of copper mesh coated by a very thin film of 
formvar plastic to provide extra support. 
For staining, the grids were immersed in turn in two heavy metal solutions. The first 
was an aqueous solution of 4.5 % (w/v) of uranyl acetate and 1% (v/v) acetic acid in 
which the grids were immersed for 1 hour, whilst the second consisted of Reynolds' 
lead citrate (Appendix Table 13) in which the grids were dipped for 10 minutes 
(Reynolds, 1963). 
Electron transmission microscopy was carried out in two experiments which studied the 
effects of the following factors on the on the growth haustorium of coconut zygotic 
embryos; (1) the changing the timing of supplying lauric acid to the culture medium 
and (2) myo-inositol concentrations in the culture medium. In the first experiment the 
haustorial tissue samples were taken from all the treatments whilst in the second 
experiment the samples were obtained only from the control (i.e. 0 mM myo-inositol) 
and an intermediate concentration of /M);o-inositol (i.e. 0.555 mM myo-inositol). Two 
samples from individual haustorium were obtained for each treatment after 215 days of 
culture. 
3.2.2.10. Assessment of growth. 
Growth measurement included fresh weight, length and width of shoot, root and 
haustorium of coconut zygotic embryos. The gain in weight per day of each embryo was 
calculated using fresh weight. Number of leaves and roots was also recorded. 
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3.3. Results. 
3.3.1. Ejfects of sucrose and lauric acid concentrations in the culture medium on 
haustorium growth of coconut zygotic embryos. 
The percentage of germination of coconut zygotic embryos cultured in medium with 
sucrose varied from 71.2 to 79.4% whilst there was no germination in culture medium 
without sucrose (Table 2). Germination seemed to decrease with increasing the 
concentration of lauric acid in the culture medium. 
Only sucrose affected the growth of the zygotic embryos significantly during 
germination (P<0.05). The length, fresh weight and gain weight of the embryos cultured 
in medium containing sucrose was significantly higher than those embryos cultured 
without sucrose (Figure 15). In spite of the lack of significant effects of lauric acid on 
the growth of the embryo, absolute values of the above variables decreased according 
with lauric acid concentrations being more evident in embryos cultured in medium 
containing 5 mM lauric acid. Similarly, the growth of the haustorium of zygotic 
embryos was only affected by sucrose concentrations in the culture medium (P<0.05). 
The diameter, length and weight of the haustorium of embryos cultured in 0.058 M 
sucrose were statistically similar to those of embryos cultured in 0.166 M sucrose. The 
haustorium of embryos cultured in medium without sucrose was considerably smaller 
and lighter (Figure 16). No substantial changes in haustorium growth were observed 
when increasing concentrations of lauric acid were added into the culture medium. 
Table 2. Effects of sucrose and lauric acid concentrations in the culture medium on the 
percentage of germination of coconut zygotic embryos after 30 days of 
culture. 
Sucrose 
concentration 
Lauric acid concentration 
(mM) 
Mean±s,e. 
(M) 0 2 5 
0 0.0 0.0 0.0 0.0+0.00 
0.116 100.0 84J5 5 1 8 79.4±i3.58 
0.232 84J5 6&2 6&0 71.2±7.]7 
Mean±s.e. 61.5±31.08 51.2±26.01 37.9±i9.05 50.2+13.37 
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Figure 15. Effects of sucrose and lauric acid concentrations in the culture medium on 
the weight gain (A), fresh weight (B) and length (C) of the coconut zygotic 
embryos. The symbols indicate ( A ) 0 mM, ( • ) 2 mM and (•) 5 mM lauric 
acid and ( • ) 0 M, (•) 0.058 M and ( • ) 0.116 M sucrose in the culture 
medium. Error bars represent the mean ± SEM from five individual 
cultures. 'LSD=]east significant difference at the 5% level calculated using 
data from all concentrations of sucrose and lauric acid. 
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Figure 16. Effects of sucrose and lauric acid concentrations in the culture medium on 
the diameter (A), length (B) and fresh weight (C) of the haustorium of the 
coconut zygotic embryos. The symbols indicate ( T ) 0 M, (•) 0.058 M and 
( • ) 0.116 M sucrose in the culture medium. Error bars represent the mean ± 
SEM from five individual cultures.'LSD=least significant difference at the 
5% level calculated using data from all concentrations of sucrose and lauric 
acid. 
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3.3.2. Ejfects of changing the timing of supplying lauric acid to the culture medium on 
the growth and ultrastructure of haustorium of coconut zygotic embryos. 
An assessment after 215 days of culture revealed that the timing of supplying lauric acid 
to the culture medium affected the growth of plantlets and their organs, including 
haustorium. The values of all growth measurements (i.e. fresh weight and dimensions of 
the coconut plantlets and organs) were statistically different between the various periods 
of supplying lauric acid to the culture medium with exception of the fresh weight of the 
haustorium (P<0.05). 
The fresh weights and the rate of growth (i.e. gain weight) of plantlets were low when 
lauric acid was supplied to the culture medium after 15 and 30 days of culture. The 
values of these two variables were statistically greater in plantlets which were fed with 
lauric acid after 60 and 75 days of culture (Figure 17). Strikingly, the growth of the 
shoot and root, expressed as fresh weight and dimensions, was arrested drastically when 
lauric acid was supplied to the culture medium after 15 and 30 days of culture. A 
considerably higher number of leaves, longer and wider shoots and roots were observed 
in plantlets which were fed with lauric acid after 60 and 75 days of culture (Figure 17 
and 18 and Plate 2). 
The dimensions of the haustorium tended to increase with increasing the time to supply 
lauric acid into the culture medium, although the differences on haustorium size 
between the tested periods were not very pronounced (Figure 18). 
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Figure 17. Effects of changing the timing of the supply of lauric acid to the culture 
medium on the fresh weight of coconut plantlets and their organs (A) and 
weight gain of the whole plantlet per day (B). Lauric acid was supplied to 
the medium at times indicated, by reducing the content of activated 
charcoal from 5 to 1.5 g/1, and continued to the end of the experiment. 
Measurement of weight-gain and fresh weight of seedlings and organ were 
on day 215. The symbols indicate ( • ) whole plantlet, ( • ) shoot, (•) 
haustorium and ( A ) root. Error bars represents the mean ± SEM from nine 
individual cultures. LSD=least significant difference at the 5% level 
calculated using data from all periods of supplying lauric acid for 1) shoot, 
2) haustorium, 3) root and 5) whole plant of the corresponding variables. 
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Figure 18. Effects of changing the timing of the supply of lauric acid to the culture 
medium on the number of leaves of coconut plantlets and the length (A) 
and width (B) of their organs. Lauric acid was supplied to the medium at 
times indicated, by reducing the content of activated charcoal from 5 to 1.5 
g/1, and continued to the end of the experiment. Measurement of weight-
gain and fresh weight of seedlings and organ were on day 215. The symbols 
indicate ( • ) shoot, (•) haustorium ( A ) root and number of leaves (•). Error 
bars represent the mean ± SEM from nine individual cultures. LSD=least 
significant difference at the 5% level calculated using data from all periods 
of supplying lauric acid for 1) shoot, 2) haustorium, 3) root and 4) leaves of 
the corresponding variables. 
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Plate 2. Effects of the changing the timing of supplying lauric acid to the culture 
medium on the growth of haustorium and germination of zygotic embryos of 
coconut assessed after 215 days of culture. The numbers indicate supply of 
lauric acid (1) after 1 5 , ( 2 ) 30, (3) 60 and (4) 75 days of culture. The letters 
indicate (a) plantlet growth and (b) haustorium growth (Bar = 1 cm). 
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The change of the timing of supplying lauric acid to the culture medium affected also 
the ultrastructure of the haustorium, particularly of the epithelium and its neighbouring 
cells. When lauric acid was supplied into the medium after 15 days of culture, large 
circular oil bodies were observed in the cytoplasm of epithelial and subepithelial cells 
(Plate 3 A). The lipid bodies were not surrounded by an apparent membrane but instead 
an electron-dense fluid layer was present. A large number of plastids, mitochondria, 
vacuoles and microbodies, possibly glyoxysomes, as well as an extensive endoplasmic 
reticulum were contained in the cytoplasm of the cells. Some lipid bodies were 
associated with the endosplasmic reticulum whilst plastids and mitochondria were 
present in their vicinity (Plate 4). Plastids were usually constituted by three lamella and 
contained large electron-dense globular bodies together with number of vesicles (Plate 
5). Vacuoles were characterised by the deposition of crystalline material, preferentially 
in their surface. 
When lauric acid was supplied into the medium after 30 days of culture, lipid bodies 
were also found in sub- and epithelial cells of the haustorium but they adopted an 
irregular shape and, simultaneously, started to reduce their size (Plate 3 B). Similar 
organelles were found in these cells compared with those epithelial cells from 
haustorium that grew in medium in which lauric acid was supplied after 15 days of 
culture. 
The ultrastructure of the epithelium and underlying cells changed drastically when 
lauric acid was supplied in the culture medium after 60 days of culture. Epithelial cells 
had a large number of electron-dense granules either spread on the cytoplasm or 
accumulated within the vacuoles (Plate 6). In addition, vacuoles contained high 
quantities of crystalline structures. Plastids, mitochondria and microbodies were 
abundant on the epithelial cells whilst a very few lipid bodies were present. 
Characteristically, subepithelial cells had large vacuoles, which also accumulated 
crystalline structures, together with several plastids containing electron-dense globules 
(Plate 7). When lauric acid was supplied after 75 days of culture, the epithelium of 
haustorium of coconut seedlings accumulated large quantities of electron-dense 
granules (Plate 8). However, cells were plasmolysed with no apparent cell organelles. 
Independently on the time of supplying lauric acid into the culture medium, epithelium 
cells of haustorium of some embryos underwent a drastic plasmolysis causing a severe 
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reduction of the cytoplasm volume (i.e. resulting in peripheral cytoplasm) and a lost of 
most of organelles. 
Plate 3. Ultrastructure of epithelium and subepithelium of coconut haustorium derived 
from plantlets fed with lauric acid after (A) 15 and (B) 30 days of culture 
(Bar = 1 |j.m). 
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Plate 4. Lipid body associated with endosplamic reticulum contained in subepithelial 
cells of haustorium derived from plantlets fed with lauric acid after 15 days of 
culture. Plastids and mitochondrias were present in the vicinity of the lipid 
body (Bar = 1 ^im). 
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Plate 5. Plastids containing electron-dense globular structures present in epithelial cells 
of haustorium derived from plantlets fed with lauric acid after 15 days of 
culture (Bar = 1 |im). 
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Plate 6. Epithelial cells containing large vacuoles, which accumulated crystalline 
structures, and plastids with electron-dense globules. Haustorium was derived 
from plantlets fed with lauric acid after 60 days of culture (Bar = 2 p-m). 
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Plate 7. Subepithelial cells containing large vacuoles, which accumulated crystalline 
structures, and plastids with electron-dense globules. Haustorium was derived 
from plantlets fed with lauric acid after 60 days of culture (Bar = 5 )J,m). 
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Plate 8. Ultrastructure of epithelium of coconut haustorium derived from plantlets fed 
with lauric acid after 75 days of culture (Bar = 5 |im). 
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3.3.3. Effects of method of surface sterilisation on the growth of the plantlet and 
haustorium derived from coconut zygotic embryos. 
The methods of surface disinfection affected the growth of haustorium of coconut 
plantlets significantly (P<0.05). After 215 days of culture, embryos disinfected using a 
method involving calcium hypochlorite germinated into plantlets which possessed an 
haustorium of greater diameter and weight compared to those plantlets derived from 
embryos disinfected with a method which used sodium hypochlorite and ethanol as 
disinfectant agent (Table 3). Although with a degree of epidermal browning, haustorium 
from embryos treated with calcium hypochlorite grew into a well defined mass of 
spongy tissue. Haustoria from embryos treated with sodium hypochlorite were 
apparently lifeless and fibrous (Plate 9). 
There were no major differences in the percentages of germination between the two 
above methods as 88% of germination was obtained in the method involving calcium 
hypochlorite and 83% for sodium hypochlorite. Similarly, no differences were observed 
in the growth measurements of the plantlets with the exception of the width of their 
main root. Plantlets derived from embryos disinfected with calcium hypochlorite had a 
thicker main root than did plantlets from embryos disinfected with sodium hypochlorite 
(Table 3). A lower percentage of explants (12.2%) were contaminated using sodium 
hypochlorite as disinfectant than when calcium hypochlorite was used (30.5%). 
Table 3. Effects of two surface disinfection methods involving calcium and sodium 
hypochlorite on the growth of haustorium and root of coconut plantlets 
derived from zygotic embryos assessed after 215 days of culture. Each value 
represents the mean ± the standard error of the mean from twelve individual 
cultures. The different letter in each column indicates values statistically 
different using independent sample t-test at 5% level. 
Disinfectant agent Variables 
Haustorium diameter Haustorium length Haustorium weight Root width 
(cm) (cm) (g) (cm) 
Calcium hypochlorite 
Sodium hypochlorite 
1.281 ± 0.120a 
1.000 ± 0.100b 
1.418 ± 0.153a 1.096 ± 0.187a 0.090 ± 0.049b 
1.200 ± 0.166a 0.630 ± 0.118b 0.250 ± 0.043a 
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Plate 9. Effects of two methods of surface sterilisation on the growth of haustorium of 
coconut zygotic embryos assessed after 215 days of culture. The numbers 
indicate the disinfectant agent used in each method representing (1) sodium 
hypochlorite and (2) calcium hypochlorite. The letters indicate (a) plantlet and 
(b) haustorium growth (Bar = 2 cm). 
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3.3.4. Ejfects of myo-inositol concentrations in the culture medium on growth and 
ultrastructure ofhaustorium of coconut zygotic embryos. 
The tested concentrations of myo-inositol in the culture medium affected the growth of 
the coconut plantlets and their organs, expressed as fresh weight and dimensions 
(P<0.05). The plantlets derived from embryos cultured in the highest concentration of 
myo-inositol (2.777 mM) had the heaviest and longest shoot and roots consistently 
through the periods of incubation, although their values of fresh weight were 
statistically similar to those of plantlets cultured in other concentrations of myo-inositol, 
in some periods of culture (Figure 19 and 20). Plantlets with greater numbers of leaves 
and roots were also produced from embryos incubated at 2.777 mM of the hexitol in 
comparison with the other concentrations (Figure 20 E and F and Plate 10). 
Similarly, embryos which germinated in culture medium with the highest concentration 
of myo-inositol formed a well-defined haustorium with less superficial browning than 
those of plantlets cultured in the other concentrations (Plate 10). These haustoria had 
also higher diameter rather than being longer or heavier (Figure 19 C and 20 C and D). 
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Figure 19. Effects of myo-inositol concentrations in the culture medium on the fresh 
weight of coconut plantlets (A) and their organs: (B) shoot, (C) haustorium 
and root (D). The symbols indicate ( • ) 0 mM, ( • ) 0.1 mM, (•) 0.555 mM 
and ( A ) 2.777 mM myc-inositol. Error bars represent the mean ± SEM 
from five individual cultures. l)LSD=least significant difference at the 5% 
level calculated using data from all incubation periods and m^o-inositol 
concentrations. 
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Figure 20. Effects of m^'o-inositol concentrations in the culture medium on the length of 
(A) shoot, (B) root, and (C) haustorium, diameter of haustorium (D), and 
number of leaves (E) and roots (F). The symbols indicate ( • ) 0 mM, ( • ) 0.1 
mM, (•) 0.555 mM and ( A ) 2.777 mM m_yo-inositol. Error bars represent 
the mean ± SEM from five individual cultures. LSD=least significant 
difference at the 5% level calculated using data from all incubation periods 
and mjo-inositol concentrations. 
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Plate 10. Effects of m^o-inositol concentrations in the culture medium on the growth of 
coconut plantlets and their haustorium derived from zygotic embryos after 
215 days of culture. The numbers indicate the m}'o-inositol concentrations (1) 
0 mM, (2) 0.1 mM, (3) 0.555 mM and (4) 2.777 mM. The letters indicate (a) 
plantlet and (b) haustorium growth (Bar = 2 cm). 
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To assess the effects of m^^o-inositol on the ultrastructure of the epithelium and its 
underlying cells of the haustorium, samples were obtained from plantlets growing in 
medium in absence (i.e. treatment control) or in an intermediate concentration of the 
hexitol (i.e. 0.555 mM myo-inositol) after 215 days of culture. 
In haustorium derived from seedlings cultured in absence of myo-inositol, the epithelial 
cells had a predominant vacuole which accumulated high quantities of crystalline 
granules with similar characteristics as those suspended in the culture medium (Plate 11 
A). Such granules seemed to be lauric acid suspended in the medium. Smaller vacuoles, 
containing similar materials, were also found within the cells together with a reduced 
and dense peripheral cytoplasm (Plate 11 B). Several amorphous oil bodies were located 
also in the periphery of the cells (Plate 11 C). In contrast, the subepithelial cells were 
plasmolysed and lacked of cellular organelles or crystalline granules. 
A drastic change in the ultrastructure of epithelial and subepithelial cells of haustorium 
were observed when the plantlets were cultured in a medium containing 0.555 mM 
mjo-inositol. These cells formed undulating structures or columns in addition to being 
very active metabolically, as a variety of organelles were present (Plate 12 A). The cells 
contained a central nucleus surrounded by numerous vacuoles, mitochondrias, plastids, 
microbodies, golgi apparatus. An extent endoplasmic reticulum was also apparent. 
Some organelles (i.e. plastids, mitochondria and microbodies) located in the base of 
epithelial cells were more electron-dense whilst vacuoles were smaller distally and 
larger towards the base (Plate 12 B and C). The cell walls between the epithelial cells 
and subepithelial cells were very thin. In subepithelial cells, the peripheral vacuoles, 
close to epithelial cells, had broken and released their materials into a large central 
vacuole (Plate 12 D and E). Plastids were formed of a single lamellum and contained 
either starch granules or electron-dense globules (Plate 12 F and G). Epithelial cells also 
formed oil bodies which were surrounded by an electron dense material (Plate 12 H). 
The oil bodies seemed to be associated with both endosplasmic reticulum and vacuoles. 
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Plate 11. Ultrastructure of epithelium and subepithelium of coconut haustorium derived 
from plantlets cultured in medium without myo-inositol in a constant 
concentration of lauric acid. (A) epithelial cells with a large vacuole 
containing crystalline granules, (B) epithelial cell containing peripheral 
cytoplasm and small vacoules, (C) amorphous oil bodies on the periphery of 
epithelial cells (Bar = 2.5 jam). 
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Plate 12. Ultrastructure of epithelium and subepithelium of coconut haustorium derived 
from plantlets cultured in medium with 0.555 mM myo-inositol in a constant 
concentration of lauric acid. (A) cells of undulating structure, (B) organelles 
of the base of epithelial cells, (C) electron-dense basal organelles of epithelial 
cells, (D) thin cell wall in the junction of epithelial and subepithelial cells, (E) 
peripheral vacuoles discharging their materials into a large central vacuole of 
subepithelial cells, plastids of epithelial cells containing (F) starch and (G) 
electron-dense globules and (H) oil body associated with a vacuole and 
endoplasmic reticulum of epithelial cells (Bar = 5 p.m in figures A, B, D, E or 
1 |am in figures C, F, G and H). 
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3.3.5. Ejfects of activated charcoal concentrations on the concentration of "free" lauric 
in the culture medium. 
Significant differences on the quantity of " free" lauric acid (i.e. unbound lauric acid to 
activated charcoal in the culture medium) were found when the concentrations of 
activated charcoal varied in the culture medium (P<0.05). The quantity of "free" lauric 
acid decreased with increasing the concentration of activated charcoal in the culture 
medium (Figure 21). 
Minor quantities of "free" lauric acid were found in the culture medium in low 
concentrations of the fatty acid (0.00025 mM) and were comparable between the 
various concentrations of activated charcoal. At 5 mM lauric acid in the culture 
medium, its "free" concentration reached a plateau after adding 2.5 g/1 activated 
charcoal with approximately 6 nmoles lauric acid per ml medium. Higher amounts of 
activated charcoal (5 g/1) were required to have a similar quantity of "free" lauric acid in 
the medium when 10 mM of the fatty acid was added. Culture medium containing 5 
mM lauric acid and 1.5 g/1 activated charcoal provided about 71 nmoles of the "free" 
fatty acid per ml medium (i.e. 71 ^iM). 
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Figure 21. Quantity of "free" lauric acid as a function of the concentrations of the fatty 
acid and activated charcoal in the culture medium: (A) combinations of the 
concentrations of lauric acid and activated charcoal and (B) 5 mM lauric 
acid in the medium with a more complete range of activated charcoal 
concentrations. The symbols indicate ( • ) 0.00025 mM, ( • ) 5 mM, (•) 10 
mM and ( # ) 20 mM lauric acid. Error bars represent the mean ± SEM from 
three individual culture tubes. LSD=least significant difference at the 5% 
level calculated using data from all lauric acid and/or activated charcoal 
concentrations. 
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3.3.6. Ejfects of combinations of lauric acid, naphthaleneacetic acid and 
benzylaminopurine concentrations on growth of coconut plantlets and their 
haustorium derived from coconut zygotic embryos. 
The analysis of variance of the experiments testing combinations of concentrations of 
either lauric acid and NAA or BAP and NAA showed that the auxin significantly 
affected the growth (expressed as fresh weight and dimensions) of coconut plantlets 
and their haustorium, with exception of fresh weight of the haustorium (P<0.05). Values 
of the growth variables decreased with increasing concentrations of NAA in the culture 
medium, being the growth of plantlets and their organs incubated in medium lacking the 
auxin much greater (P<0.05) than those plantlets and their organs cultured in medium 
with the auxin (Tables 4 and 5). 
Lauric acid concentrations, which were supplied in the culture medium after 80 days of 
culture, also affected the growth, expressed as fresh weight and dimensions, of coconut 
plantlets and their organs (P<0.05). However, there were no statistical differences 
(P<0.05) in some growth variables such as length of shoot and width of root. 
Seedlings and their shoots and roots growing in medium with 2 mM lauric acid were the 
heaviest, especially when NAA was not added. However they were significantly 
different to those plantlets and their organs growing in medium containing non-
physiologically effective quantities of lauric acid only after 215 days of culture (i.e. 
0.00045 mM lauric acid; Figure 22; Table 4). The plantlets and their shoots and roots 
cultured in 5 mM lauric acid were much less heavy compared with plantlets cultured in 
the other concentrations of lauric acid (P<0.05). The dimensions of the seedlings and 
their shoots and roots varied with the concentrations of lauric acid in a similar manner 
that the weights did. 
The effects of lauric acid concentrations on the growth of shoots and roots changed 
significantly when NAA was added to the medium. At 0.1 mM NAA in the medium, 
plantlets cultured in non-physiologically effective concentrations of lauric acid 
produced the heaviest shoots and roots, the values being significantly greater than those 
from plantlets cultured in higher concentrations of the fatty acid (i.e. 2 and 5 mM lauric 
acid) only after 215 days of culture (Figure 22). 
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With the highest concentration of NAA in the medium (0.4 mM), plantlets cultured in 
medium with non-physiological effective concentrations of lauric acid produced the 
heaviest shoots and roots as well, although there were no statistical differences in the 
values of fresh weights of shoots and roots between the various concentrations of the 
fatty acid in the medium (Figure 22 C). However, pronounced differences were 
observed in the physical appearance of shoots. Almost the entire shoot became necrotic 
in those plantlets cultured in 2 mM lauric acid combined with 0.4 mM NAA after 170 
days of culture and, eventually, died at the end of the culture. The worst condition of 
culture in the experiment was on medium containing 5 mM lauric acid and 0.4 mM 
NAA as plantlets had produced a very small and deformed shoot only by the end of the 
culture (i.e. 215 days of culture; Plates 13, 14 and 15). 
In contrast to the growth of shoot and roots, the biggest haustorium in the experiment 
was produced when the plantlets cultured in medium containing NAA and 2 mM lauric 
acid (Figure 23). This haustorium was characterised by being very spongy and well 
formed but some grooves were present. By the end of the culture (i.e. 215 days of 
culture), the haustorium of plantlets growing in 2 mM lauric acid and 0.4 mM NAA 
underwent superficial necrosis which spread to internal cell layers causing death of the 
entire organ and, subsequently, the plantlet. The haustorium of plantlets growing in 5 
mM lauric acid and 0.4 mM NAA had minimal growth throughout culture. When the 
growth of the haustorium was expressed as fresh weight, it varied with the concentration 
of lauric acid and NAA in a similar manner as expressed as dimensions (Figure 23 D-F). 
In absence of NAA in the medium, plantlets cultured in 5 mM lauric acid developed a 
bigger haustorium (i.e. measured as length of haustorium) throughout culture, followed 
by plantlets cultured in 2 mM and, subsequently, 0.00045 mM lauric acid, the values 
being statistically different only after 215 days of culture (Figure 23 A). A well-defined 
haustorium was observed in plantlets incubated in high concentrations of lauric acid 
whilst plantlets cultured in 0.00045 mM presented a haustorium with either grooves or 
split regions protected by an epidermal layer with high degree of browning (Plates 13, 
14 and 15). 
The growth responses of plantlets and their organs to the concentrations of BAP 
changed with the concentration of NAA in the culture medium as well. BAP increased 
the growth of shoots in absence of the auxin in the medium, being evident after 215 
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days of culture (Figure 24 A and Plate 17). In medium containing NAA, increasing 
concentrations of BAP reduced the growth of shoots (Figure 24 B and C). The growth 
of haustorium, expressed as fresh weight and length, was affected in similar manner to 
the growth of shoot when BAP and NAA were combined in the medium (Figure 25). 
Growth of root (i.e. fresh weight) was diminished by the concentrations of BAP (Figure 
24 D-F), although high concentrations of NAA (0.4 mM) in the medium were able to 
counteract the inhibitory effects of high concentration of the cytokinin (0.4 mM; Figure 
24 F and Plates 16 and 17-3c). 
Histological comparisons were made between haustorium produced in vitro 
(i.e. haustorium from plantlets incubated in medium with 2 mM lauric acid in absence 
of NAA after 215 days of culture) with those haustoria derived from plantlets 
germinated from intact nuts at various stages of development (i.e. after 0, 1 , 2 , 3 and 4 
months of culture). Haustoria derived from germination both in situ and in vitro formed 
undulating structures in their surface cell layers; the size of the structures produced in 
vitro were similar to those of haustoria from plantlets from intact nuts with one month 
of culture (Plates 18 and 19). 
Epithelial cell layers of haustorium derived from plantlets cultured in vitro accumulated 
starch (i.e. purple spots) less intensively than did this tissue from plantlets derived from 
intact nuts (Plate 19). Distinctly, epithelium of haustorium produced in vitro 
accumulated high quantities of tannins or polyphenols which stained red and dark (Plate 
19 F) using the dyes mentioned in section 3.2.2.9. 
During the development of haustorium in situ, cells of the interior parenchyma 
increased in size until they became a loosely-connected amoiphous cells with large 
intercellular spaces between them (i.e. aerenchyma; Plates 18 and 20). The degree of 
development of aerenchyma of haustorium produced in vitro appeared to be similar to 
those of haustorium derived from plantlets in situ cultured for 2 months, as judged by 
the size of the cells and air spaces. However, aerenchyma from haustoria derived in 
vitro did not accumulate starch as occurred in haustoria growing in intact nuts. 
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Table 4. Effects of lauric acid and naphthaleneacetic acid concentrations in the culture 
medium on the growth of coconut plantlets and their haustorium derived from 
zygotic embryos. Data from the experiment testing combinations of the 
concentrations of lauric acid and naphtaleneacetic acid in the culture medium. 
Each value represents the mean±SEM of at least 214 replicates. The different 
letter in each row within each factor indicates values statistically different 
using LSD at 5% level. 
Variables Factors 
Lauric acid concentrations 
(mM) 
0.00045 
Fresh weight of 2.096+0.158a 2.139+0.174a 1.615+0.113b 
plantlet (g) 
Weight gain 18.8+0.930a 19.1+0.102a 15.0+0.808b 
(mg/plantlet/day) 
Shoot length (cm) 4.81±0.581a 4.16±0.605a 4.42±0.547a 
Shoot width (cm) 0.79±0.027a 0.68±0.033b 0.50±0.032c 
Number of leaves 1.37±0.076a 1.25±0.088a 1.10±0.091b 
Haustorium 1.07±0.037b 1.19±0.047a 1.08±0.035b 
diameter (cm) 
Haustorium 
length (cm) 
1.08±0.030b 1.26±0.052a 1.13±0.040b 
Root length (cm) 1.84±0.208a 1.55±0.215a 1.90±2.91a 
Root width (cm) 0.30±0.016a 0.22±0.017b 0.26±0.021ab 
Number of roots 1.05+0.110a 0.95±0.132ab 0.78±0.071b 
Fresh weight of 1.369±0.254a 1.135±0.284ab 0.886±0.187b 
shoot (g) 
Fresh weight of 0.610±0.069b 0.901 ±0.154a 0.598±0.062b 
haustorium (g) 
Fresh weight of 0.476±0.121a 0.328±0.103a 0.293±0.058a 
root (g) 
NAA concentrations 
(mM) 
0.1 0.4 
2.617+0.192a 1.929+0.12 lb 1.233+0.095c 
22.6+1.04a 18.1+0.780b 11.69+0.730c 
.82±0.787a 3.33±0.376b 1.15±0.141c 
0.78±0.025a 0.70±0.028b 0.48±0.038c 
1.83±0.109a 1.20±0.062b 0.67±0.049c 
1.30±0.042a 1.05±0.036b 0.99±0.036b 
1.37±0,041a 1.12±0.037b 0.97±0.040c 
3.50±0.298a 1.34±0.150b 0.44±0.085c 
0.35±0,012a 0.31±0.022a 0.13±0.017b 
1.30±0.078a 0.99±0.]27b 0.47±0.094c 
2.265±0.352a 0.810±0.134b 0.323+0.060c 
0.811±0.080a 0.718±0.094a 0.572+0.126a 
0.537±0.090a 0.380±0.103ab 0.178±0.088b 
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Table 5. Effects of the benzylaminopurine and naphthaleneacetic acid concentrations in 
the culture medium on the growth of coconut plantlets and their haustorium 
derived from zygotic embryos. Data from the experiment testing 
combinations of the concentrations of both plant growth regulators in the 
culture medium. Each value represents the meantSEM of at least 249 
replicates. Different letter in each row within each factor indicates values 
statistically different using LSD at 5% level. 
Variables Factors 
BAP concentrations 
(mM) 
0 0.1 0.4 
Fresh weight of 2.220±0.1173a 1.900±0.1004b 1.920+0.1116b 
plantlet (g) 
Weight gain 22.1±0.13a 18.9±0.10b 19.6±0.76b 
(mg/plantlet/day) 
Shoot length (cm) 3.31±0.424a 3.32±0.470a 2.81±0.403a 
Shoot width (cm) 0.58+0.035a 0.59±0.027a 0.61±0.043a 
Number of leaves 1.03±0.067a 1.16±0.071a 1.15±0.076a 
Haustorium 1.10±0.031a 1.06±0.028a 1.05±0.024a 
diameter(cm) 
Haustorium 
length(cm) 
1.22±0.030a 1.13+0.025a 1.18±0.029a 
Root length (cm) 1.68+0.21 la 1.50±0.249a 0.85±0.106b 
Root width (cm) 0.22±0.016a 0.17±0.013ab 0.18+0.014b 
Number of roots 0.75+0.074a 0.56±0.044b 0.56±0.038b 
Fresh weight of 0.925±0.184a 0.886±0.210a 0.889±0.245a 
shoot (g) 
Fresh weight of 0.774±0.105a 0.574±0.052b 0.599±0.049ab 
haustorium (g) 
Fresh weight of 0.238±0.046a 0.160±0.037b 0.092+0.016b 
root (g) 
NAA concentrations 
(mM) 
0.1 0.4 
2.643+0.1652a 1.892±0.1182b 1.513±0.093 Ic 
24.5±0.76a 19.1±0.69b 17.0±0.61c 
6.43±0.635a 2.25±0.262b 0.81±0.095c 
0.74±0.047a 0.63±0.024b 0.42±0.025c 
1.62±0.107a 0.96±0.029b 0.76±0.032c 
1.14±0.027a 1.05±0.034b 1.03+0.02 lb 
1.28±0.030a l . l l±0 .029b I.13±0.022b 
2.72+0.30 la 0.80±0.099b 0.55±0.091b 
0.27±0.013a 0.17+0.015b 0.13±0.013c 
0.92+0.069a 0.50+0.042b 0.44±0.046b 
1.942+0.319a 0.576±0.099b 0.193+0.030c 
0.691±0.052a 0.681 ±0.109a 0.573±0.039a 
0.308±0.049a 0.117±0.025b 0.064±0.017b 
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Figure 22. Effects of lauric acid and NAA concentrations on the fresh weight of shoots (A-C) and roots (D-F) of coconut plantlets after various 
periods of culture. Plantlets grew on medium with ( • ) 0.00045 mM, ( • ) 2 mM or (•) 5 mM lauric acid combined with (A, D) 0, (B, E) 0.1 
or (C, F) 0.4 mM NAA. Error bars represent the mean±SEM from five individual cultures. 'LSD=least significant difference at the 5% 
level calculated using data from all periods of culture and lauric acid and NAA concentrations. 
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Figure 23. Effects of lauric acid and NAA concentrations on the length (A-C) and fresh weight (D-F) of the haustorium of coconut plantlets after 
various periods of culture. Plantlets grew on culture medium with ( • ) 0.00045 mM, ( • ) 2 mM or (•) 5 mM lauric acid combined with (A, 
D) 0, (B, E) 0.1 or (C, F) 0.4 mM NAA. Error bars represent the mean±SEM from five individual cultures. 'LSD=least significant 
difference at the 5% level calculated using data from all periods of culture and lauric acid and NAA concentrations. lO w 
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Figure 24. Effects of BAP and NAA concentrations on the fresh weight of shoots (A-C) and roots (D-F) of coconut plantlets after various periods of 
culture. Plantlets grew in culture medium with ( • ) OmM, ( • ) 0.1 mM or ( ) 0.4 mM BAP combined with (A, D) 0, (B, E) 0.1 or (C, F) 0.4 
mM NAA. Error bars represent the mean±SEM from five individual cultures. 'LSD=least significant difference at the 5% level calculated 
using data from all periods of culture and BAP and NAA concentrations. 
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Figure 25. Effects of BAP and NAA concentrations on the fresh weight and length of haustorium of coconut plantlets after various periods of culture. 
Plantlets grew in culture medium with ( • ) OmM, ( • ) 0.1 mM or ( ) 0.4 mM BAP combined with (A, D) 0, (B, E) 0.1 or (C, F) 0.4 mM 
NAA. Error bars represent the mean±SEM from five individual cultures. 'LSD=least significant difference at the 5% level calculated using 
data from all periods of culture and BAP and NAA concentrations. 
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Plate 13. Effects of lauric acid and NAA concentrations on the growth of coconut 
plantlets and their haustorium after 80 days of culture. Plantlets grew on 
medium with (1) 0.00045 mM, (2) 2 mM or (3) 5 mM lauric acid combined 
with (a) 0 mM, (b) 0.1 mM or (c) 0.4 mM NAA (Bar = 2 cm). 
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Plate 14. Effects of lauric acid and NAA concentrations on the growth of coconut plantlets 
and their haustorium after 170 days of culture. Plantlets grew on medium with (1) 
0.00045 mM, (2) 2 mM or (3) 5 mM lauric acid combined with (a) 0 mM, (b) 
0.1 mM or (c) 0.4 mM NAA (Bar = 2 cm). 
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Plate 15. Effects of lauric acid and NAA concentrations on the growth of coconut plantlets 
and their haustorium after 215 days of culture. Plantlets grew on medium with (1) 
0.00045 mM, (2) 2 mM or (3) 5 mM lauric acid combined with (a) 0 mM, (b) 
0.1 mM or (c) 0.4 mM NAA (Bar = 2 cm with exception of figure 3c where 
bar = 0.5 cm). 
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Plate 16. Effects of BAP and NAA concentrations on the growth of coconut plantlets 
and their haustorium after 80 days of culture. Plantlets grew on medium with 
(1) 0 mM, (2) 0.1 mM or (3) 0.4 mM BAP combined with (a) 0 mM, (b) 0.1 
mM or (c) 0.4 mM NAA (Bar = 1 cm). 
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Plate 17. Effects of BAP and NAA concentrations on the growth of coconut plantlets 
and their haustorium after 215 days of culture. Plantlets grew on medium 
with (1) 0 mM, (2) 0.1 mM or (3) 0.4 mM BAP combined with (a) 0 mM, 
(b) 0.1 mM or (c) 0.4 mM NAA (Bar = 2 cm with exception of figure 2c 
where bar = 1 cm). 
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Plate 18. Histological comparison of haustorium of plantlets growing from intact nuts 
after (A) 0, (B) 1, (C) 2, (D) 3 and (E) 4 months of culture with (F) 
haustorium derived from plantlets growing in vitro in medium containing 2 
mM lauric acid and 0 NAA mM after 215 days of culture. 
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Plate 19. Epithelial cell layers of haustorium of plantlets growing from intact nuts after 
(A) 0, (B) 1, (C) 2, (D) 3 and (E) 4 months of culture compared with (F) 
haustorium derived from plantlets growing in vitro in medium containing 2 
mM lauric acid and 0 mM NAA after 215 days of culture. 
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Plate 20. Central parenchyma cells of haustorium of plantlets growing from intact nuts 
after (A) 1, (B) 2, (C) 3, and (D) 4 months of culture compared with (E) 
haustorium derived from plantlets growing in vitro in medium containing 2 
mM lauric acid and 0 NAA mM after 215 days of culture. 
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3.3.7. Ejfect of combinations of lauric acid, naphthaleneacetic acid and 
benzylaminopurine concentrations on accumulation and incorporation of lauric 
acid into complex lipids by various organs of coconut plantlets derived from 
zygotic embryos. 
Analysis of variance of the experiments testing combinations of concentrations of either 
lauric acid and NAA or BAP and NAA showed that the above compounds significantly 
affected the accumulation and incorporation of lauric acid into complex lipids (P<0.05). 
"Accumulation and incorporation of lauric acid" means the radioactivity of lauric acid 
which accumulated in tissue and was incorporated into complex lipids either as lauric 
acid itself or as its derivatives from the plant metabolism, expressed as nmoles taking 
into account the specific radioactivity of the precursor fatty acid. 
The total accumulation and total incorporation of lauric acid into complex lipids 
increased in the organs of coconut plantlets (i.e. shoots, haustoria and roots) with 
increasing concentrations of the fatty acid in the culture medium (Table 6 in which data 
from periods of culture and concentrations of NAA was averaged), although this general 
trend changed in the organs with the quantity of NAA supplied (Figure 26). 
In absence of NAA or with 0.1 mM NAA, shoots accumulated and incorporated into 
lipids the highest quantities of lauric acid when plantlets were cultured in medium 
containing 5 mM of the fatty acid (Figure 26 A-B). However, in medium containing 
0.4 mM NAA, the shoots from plantlets cultured in 2 mM lauric acid were more active 
in the accumulation and incorporation of the fatty acid compared with those from 
plantlets cultured in other concentrations. Shoots cultured in low concentrations of the 
lauric acid (i.e. 0.00045 mM) had very reduced rates of accumulation and incoiporation 
whilst the plantlets cultured in 5 mM lauric acid formed very small shoots at the end of 
the culture (Figure 26 C and Plates 13, 14 and 15). The accumulation and incorporation 
of lauric acid into lipids by roots varied with the concentrations of the fatty acid and 
NAA in the medium in a similar manner as shoots did (data not shown). 
Haustoria from plantlets cultured in medium with 5 mM lauric acid in the absence of 
NAA, or containing 0.4 mM NAA, accumulated and incorporated into lipids the highest 
quantities of the fatty acid throughout the culture period (Figure 26 D and F). This organ 
performed differently when the various concentrations of lauric acid in the medium 
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were combined with 0.1 mM NAA as higher rates of accumulation and incorporation of 
lauric acid were obtained in medium with 2 mM lauric acid, particularly after 215 days 
of culture (Figure 26 E). 
The supplied lauric acid in the medium was mainly incorporated into polar lipids (PL) 
and triacylglycerol (TAG) by shoots, haustoria and roots of coconut plantlets (Figures 
29, 30 and 31). The content of non-esterified fatty acids derived from the metabolism of 
the supplied lauric acid (i.e. hereafter referred as "lauric acid-derived" NEFA ) was also 
considerable in the organs of coconut plantlets whilst other complex lipids such as 
diacylglycerol (DAG) and plant sterol esters were accumulated in trace quantities. 
The quantities of lauric incorporated into PL and TAG as well as the content of "lauric 
acid-derived" NEFA per organ (i.e. shoot, haustorium and roots) increased also with 
increasing concentrations of the fatty acid in the culture medium (Table 8). A similar 
trend was observed when the content of above three lipids was expressed as nmoles per 
gram of tissue (data not shown). 
The proportions of the three lipid classes changed not only with the concentrations of 
lauric acid in the medium but also with the type of organ. A high percentage of 
''^C-laurate was present as NEFA in shoots and haustoria from plantlets cultured in 
medium containing a low concentration of lauric acid (0.00045 mM) whilst PL 
prevailed in these two organs when plantlets were cultured in higher concentrations of 
the fatty acid (i.e. 2 and 5 mM; Figures 29 and 31). The incorporation of lauric acid by 
haustorium shifted from PL to TAG when high concentrations of lauric acid in the 
medium were combined with NAA (Figure 30). Furthermore, the percentage of TAG 
increased in this organ with increasing concentrations of NAA, especially in high 
concentrations of lauric acid (5 mM) (Figure 32). The proportion of "lauric acid-
derived" NEFA increased in the organ together with TAG. 
In roots, a shift in the proportion of PL to TAG was stimulated by lauric acid and NAA 
in a similar manner as occurred in haustorium (Figure 33). 
Increasing concentrations of NAA in the culture medium caused a decrease in the total 
accumulation and total incorporation of lauric acid into lipids by shoots and roots whilst 
an increase was observed in haustoria] tissue (Tables 6 and 7). The content of individual 
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lipid classes, in which lauric acid was incorporated, as well as the content of NEFA 
(i.e. expressed as nomles per organ) in the various organs of the coconut plantlets 
changed with the concentrations of NAA in similar manner that did the total 
incorporation of the fatty acid (Tables 8 and 9). However, such general trends changed 
slightly in some organs because of the interactions of this factor with the concentrations 
of either lauric acid or BAP. 
The absolute quantities of lauric acid incorporated into PL and TAG by shoots and 
roots (i.e. nmoles per shoot) as well as their content of NEFA decreased with increasing 
concentrations of NAA in the culture medium (Tables 8 and 9). An exception was the 
content of "lauric acid-derived" NEFA which increased in roots as effect of NAA 
concentrations. Haustorium preferentially incorporated lauric acid into TAG; increasing 
concentrations of NAA were accompanied by an increase in the quantity of "lauric acid-
derived" NEFA present. Changes in the incorporation of lauric into PL by haustorium 
depended on the effects of the interaction of NAA with BAP rather than on the effects 
of the auxin itself since a significant increase in PL was only observed in the experiment 
testing combinations of concentrations of these two growth regulators (Tables 8 and 9). 
The concentrations of BAP in the culture medium affected the total accumulation and 
total incorporation of lauric acid into lipids as well as the lipid class composition in the 
various organs of the plantlets as occurred with the concentrations of NAA (Tables 7 
and 9). However, unlike NAA, BAP stimulated the incorporation of lauric acid into 
TAG in shoots and caused a decrease in the content of "lauric acid-derived" NEFA in 
haustorium and roots. 
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Table 6. Effects of lauric acid and naphthaleneacetic acid concentrations in the culture 
medium on the total accumulation and incorporation of lauric acid into 
complex lipids by various organs of coconut plantlets derived from zygotic 
embryos. Accumulation and incorporation of lauric acid is referred as the 
radioactivity of lauric acid which accumulated in tissue and was incoiporated 
into complex lipids either as lauric acid itself or as its derivatives from the 
plant metabolism expressed as nmoles. Data from the experiment testing 
combinations of the concentrations of the above two compounds when the 
data corresponding to periods of culture and lauric acid or NAA 
concentrations were averaged. Each value represents the mean±standard eiTor 
of the mean of at least 27 replicates. Different letters in each row within each 
factor indicates values statistically different using LSD at 5% level. 
Variables Factors 
Laurie acid concentrations 
(mM) 
0.00045 Shoot 
Lauric acid 
accumulated 0.086±0.039c 1119.7±293.2b3482.0±861.5a 
(nmoles/organ) 
Lauric acid 
incorporated 0.004±0.0007c 353.4±82.4b 1074.6±355.2a 
into lipids 
(nmoles/organ) 
Haustorium 
Lauric acid 
accumulated 0.035±0.014c 1218.4±274.8b 1862.4±215.4a 
(nmoles/organ) 
Lauric acid 
incorporated 0.002±0.0003b 810.1±319.1a 915.8±190.9a 
into lipids 
(nmoles/organ) 
Root 
Lauric acid 
accumulated 0.021+0.005c 438.8±118.13b 1162.3+215.2a 
(nmoles/organ) 
Lauric acid 
incorporated 0.004+0.00 lb 137.9±38.2b 684.2+199.8a 
into lipids 
(nmoles/organ) 
NAA concentrations 
(mM) 
0.1 0.4 
4375.3+939.8a 457.6±90.5b 92.6±30.0b 
1220.8±363.9a 206.7±49.3b 47.4±i3.8b 
752.8±161.0a 1235.9±310.7a 1198.3±200,8a 
236.6±53.4a 787.1±344.6a 668.6± 166.9a 
901.8±156.6a 742.3±264.7a 36.1±22.5b 
275.3±68.3b 537.2±2l9.7a l5.6±IO.I2c 
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Figure 26. Effects of lauric acid and NAA concentrations on the accumulation (solid lines) and incorporation (dotted lines) of lauric acid into complex 
lipids by shoot and haustorium of coconut plantlets after various periods of culture. Plantlets grew on culture medium with ( A ) 0.00045 
mM, ( • ) 2 mM or (•) 5 mM lauric acid combined with (A, D) 0, (B, E) 0.1 or (C, F) 0.4 mM NAA. Error bars represent the mean±SEM 
from five individual cultures. 'LSD=least significant difference at the 5% level calculated using data from all periods of culture and lauric 
acid and NAA concentrations. 'LSD for accumulation and ^LSD for incorporation of lauric acid. U) 
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Table 7. Effects of benzylaminopurine and naphthaleneacetic acid concentrations in the 
culture medium on the total accumulation and incorporation of lauric acid into 
complex lipids by various organs of coconut plantlets derived from zygotic 
embryos. Accumulation and incorporation of lauric acid is referred as the 
radioactivity of lauric acid which accumulated in tissue and was incoiporated 
into complex lipids either as lauric acid itself or as its derivatives from the 
plant metabolism expressed as nmoles. Data from the experiment testing 
combinations of the concentrations of both plant growth regulators when the 
data corresponding to periods of culture and BAP or NAA concentrations 
were averaged. Each value represents the mean ± standard eiTor of the mean 
of at least 27 replicates. Different letters in each row within each factor 
indicates values statistically different using LSD at 5% level. 
Variables Factors 
BAP concentrations 
(mM) 
0.1 0.4 Shoot 0 
Lauric acid 
accumulated 1145.9±315.2a 908.4±194.8ab 744.3±160.5b 
(nmoles/organ) 
Lauric acid 
incorporated 390.1±97.7a 267.9±65.2b 278.9±70.7b 
into lipids 
(nmoles/organ) 
Haustorium 
Lauric acid 
accumulated 1523.4±165.8ab 1335.7±153.4b 1748.0±191.6a 
(nmoles/organ) 
Lauric acid 
incorporated 709.4±162.1b 928.4±191.5ab 1448.5±269.3a 
into lipids 
(nmoles/organ) 
Root 
Lauric acid 
accumulated 52I.5±98.3a 327.9+59.3b I75.7±33.2c 
(nmoles/organ) 
Lauric acid 
incorporated 145.3±33.9a 61.9±16.1b 39.5±7.8b 
into lipids 
(nmoles/organ) 
NAA concentrations 
(mM) 
0.1 0.4 
2068.1±315.9a 385.1 ±45.9b 310.6±39.3b 
652.5±105.9a 158.2+21.9b 120.2± 18.5b 
1065.9±177.2b 1211.9+101.7b 2264.5± 166.6a 
702.5±232.2b 648.1±122.5b 1699.1±220.2a 
520.5±74.7a 226.3±48.0b 165.3±47.2b 
143.5±32.1a 48.2+8.4b 45.9±13.1b 
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Table 8. Effects of lauric acid (LA) and naphthaleneacetic acid concentrations in the 
culture medium on incorporation of the fatty acid into polar lipids (PL) and 
triacylglycerol (TAG) and on the content of "lauric acid-derived" non-
esterified fatty acids (NEFA) in various organs of coconut plantlets produced 
from zygotic embryos. Data from the experiment testing combinations of the 
concentrations of the above two compounds. Each value represents the 
mean±standard error of the mean of at least 27 replicates. Different letters in 
each row within each factor indicates values statistically different using LSD 
at 5% level. 
Variables Factors 
Laurie acid concentrations 
(mM) 
Shoot 0.00045 2 5 
LA incorporated 
into PL 0.003±0.0007c 282.5±74.78b 902.1±30L57a 
(nmoles/organ) 
Content of 
"lauric acid-
derived "NEFA 0.005±0.002b 79.8±22.82a 102.4±30.15a 
(nmoles/organ) 
LA incorporated 
into TAG 0.0004+0.00015 32.6±4.72a 42.4±lL18a 
(nmoles/organ) 
Haustorium 
LA incorporated 
into polar lipids 0.001+0.0002b 248.3±57.14a 324.9±53.76a 
(nmoles/organ) 
Content of 
"lauric acid-
derived "NEFA 0.004+0.00lb 155.7±41.94b 567.3±115.27a 
(nmoles/organ) 
LA incorporated 
into TAG 0.0006±0.0001 b 518.4±258.52a 540.7± 165.12a 
(nmoles/organ) 
Root 
LA incorporated 
into polar lipids 0.002±0.0006c 86.8±25.69b 237.9±57.30a 
(nmoles/organ) 
Content of 
"lauric acid-
derived "NEFA 0.007±0.003b 65.0±23.55b 263.2±77.55a 
(nmoles/organ) 
LA incorporated 
into TAG 0.001±0.001b 35.8±8.98b 387.8±142.6a 
(nmoles/organ) 
NAA concentrations 
(mM) 
0.1 0.4 
1039.9±308.6a 155.6±40.23b 28.6±8.44b 
92.4±30.56a 49.8±17.54ab 45.1±21.3b 
4 L 0 ± n . 5 1 a 24.0±5.4b 11.9±4.13b 
176.6±43.58a 198.1±56.85a 178.6±52.90a 
189.0±92.77a 192.8±49.31a 311.1 ±92.06a 
44.5± 12.26b 556.0±285.51 a425.4+112.17ab 
174.1±44.73a 130.4±49.03a 7.7±5.23b 
72.4±28.74b 230.9±82.32u 16.5±9.87h 
64.9±14.61b 372.0± 156.9a 6.9±4.86b 
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Table 9. Effects of benzylaminopurine and naphthaleneacetic acid concentrations in the 
culture medium on incorporation of lauric acid (LA) into polar lipids (PL), 
and triacylglycerol (TAG) and on the content of "lauric acid-derived" non-
esterified fatty acids (NEFA) in various organs of coconut plantlets produced 
from zygotic embryos. Data from the experiment testing combinations of the 
concentrations of both plant growth regulators. Each value represents the 
mean±standard error of the mean of at least 27 replicates. Different letters in 
each row within each factor indicates values statistically different using LSD 
at 5% level. 
Variables Fac tors 
BAP concentrations 
(mM) 
NAA concentrations 
(mM) 
Shoot 0 0.1 0.4 0 0.1 0.4 
LA incorporated 
into PL 315.7±87.8a 209.2±56.0b 202.6+57.lb 545.1±91.8a 105.8±16.4b 71.8+13.0b 
(nmoles/organ) 
Content of 
"lauric acid-
derived "NEFA 68.3±12.7a 69.2±16.2a 63.7±20.1a 80.2±17.4a 45.2± 11.2a 76.2±19.3a 
(nmoles/organ) 
LA incorporated 
into TAG 31.9±4.5ab 28.2±5.2b 45.2+lO.Oa 41.8±9.5a 31.2±5.4a 31.8±5.1a 
(nmoles/organ) 
Haustorium 
LA incorporated 
into polar lipids 207.2+31.2a 225.4±38.3a 28L0±39.2a 204.9±28.3b 168.5±20.0b 335.4±46.7a 
(nmoles/organ) 
Content of 
"lauric acid-
derived "NEFA 341.0±91.4a 150.8±56.3b 136.7±38.9b 77.8±13.1b 158.3±46.8b 390.5±97.6a 
(nmoles/organ) 
LA incorporated 
into TAG 459.4±I3I.6b 65L9±125.4ab 1104.6±236.1a 467.2±204.3b 452.0+106.3b 1266.7±lS4.0a 
(nmoles/organ) 
Root 
LA incorporated 
into PL 85.5+17.la 41 .1± l l . l b 28.3+6.0b 93.2+20.1 a 29.7±5.5b 25.0±6.8b 
(nmoles/organ) 
Content of 
"lauric acid-
derived "NEFA 119.0±31.8a 46.2±i7.8b 46.7± 17.3b 26.6±4.0b 102.8±31.6a 97.0±30.9a 
(nmoles/organ) 
LA incorporated 
into TAG 45.0±9.9a 15.6+4. lb 8.3±1.8b 35.1±9.2a 16.0±3.4b 16.8±6.0b 
(nmoles/organ) 
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The quantities of lauric acid incorporated into TAG and PL and the content of "lauric 
acid-derived" NEFA varied differentially with the type of organ and the concentrations 
of NAA in the medium throughout culture. In absence of NAA and the presence of high 
concentrations (i.e. 2 and 5 mM) of lauric acid in the medium, shoots incorporated high 
quantities of lauric acid into all three fractions as a function of the time in the culture 
(Figure 27 la-c). In contrast, low incorporation of lauric acid into TAG and reduced 
content of "lauric acid-derived" NEFA was present in haustorium, particularly at the 
end of the culture (i.e. 215 days of culture; Figure 16 2a-c). 
In the same concentrations of lauric acid but an increased concentration of NAA 
(i.e. 0.1 mM), the incorporation of the fatty acid into PL and TAG by shoots together 
with their content of NEFA was minor (Figure 28 la-c). In contrast, either the content 
of "lauric acid-derived" NEFA or the incorporation of lauric acid into TAG was 
considerably elevated in haustorium depending on the concentration of lauric acid in the 
medium (i.e. high content of NEFA occurred at 5 mM lauric acid whilst lauric acid was 
highly incorporated into TAG at 2 mM lauric acid; Figure 28 2a-c). 
Controls (i.e. frozen embryos cultured in medium with the same composition as the 
treatments) neither incorporated lauric acid into complex lipids nor transformed it into 
other fatty acids. Like the growing embryos, controls accumulated consistently lauric 
acid throughout culture but in higher quantities. The content of lauric acid in growing 
tissue, (i.e. shoot, haustorium and roots) expressed as nmoles per gram tissue, was 
3.7-7.0 times lower than the controls. 
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Figure 27. Effects of lauric acid concentrations on the incorporation of lauric acid into (a) polar lipids (PL) and (c) triacylglycerol (TAG) and (b) 
content of "lauric acid-derived" non-esterified fatty acids in (1) shoot and (2) haustorium of coconut plantlets in the absence of NAA. 
Plantlets grew on culture medium with ( A ) 0.00045 mM, ( • ) 2 mM or (•) 5 mM lauric acid in the absence of NAA. Error bars represent 
the meantSEM from five individual cultures. LSD=least significant difference at the 5% level calculated using data from all periods of 
culture and lauric acid and NAA concentrations. 'LSD for values expressed as nmoles lauric acid per organ (solid lines) and ^LSD as 
nmoles lauric acid per gram of tissue (dotted lines). 4^  to 
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Figure 28. Effects of lauric acid concentrations on the incorporation of lauric acid into (a) polar lipids (PL) and (c) triacylglycerol (TAG) and (b) 
content of "lauric acid-derived" non-esterified fatty acids in (1) shoot and (2) haustorium of coconut plantlets growing with 0.1 mM of 
NAA. Plantlets grew on culture medium with ( A ) 0.00045 mM, ( • ) 2 mM or (•) 5 mM lauric acid combined with 0.1 mM of NAA. Error 
bars represent the mean±SEM from five individual cultures. LSD=least significant difference at the 5% level calculated using data from all 
periods of culture and lauric acid and NAA concentrations. 
"LSD as nmoles lauric acid per gram of tissue (dotted lines). 
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Figure 29. Radioscan of single lanes of TLC plate showing lipid classes derived from 
the incorporation of lauric acid by shoots of coconut plantlets cultured for 
215 days on medium with various concentrations of the fatty acid in the 
absence of NAA. Culture medium contained (A) 0.00045 mM, (B) 2 mM or 
(C) 5 mM lauric acid. Lipid classes were separated using silica gel plates 
and n-heptane:diisopropyl ether:acetic acid (60:47:2 by volume) as solvent 
system. The higher background on (A) resulted from a larger scan because 
the lower number of radio-counts present. 
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Figure 30. Radioscan of single lanes of TLC plate showing lipid classes derived from 
the incorporation of lauric acid by haustorium of coconut plantlets cultured 
for 215 days on medium with various concentrations of the fatty acid and 
0.1 mM NAA. Culture medium contained (A) 0.00045 mM, (B) 2 mM or 
(C) 5 mM lauric acid combined with 0.1 mM NAA. Lipid classes were 
separated using silica gel plates and n-heptane:diisopropyl ether:acetic acid 
(60:47:2 by volume) as solvent system. The higher background on (A) 
resulted from a larger scan because the lower number of radio-counts 
present. 
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Figure 31. Radioscan of single lanes of TLC plate showing lipid classes derived from 
the incorporation of lauric acid by haustorium of coconut plantlets cultured 
for 215 days on medium with various concentrations of the fatty acid in the 
absence of NAA. Culture medium contained (A) 0.00045 mM, (B) 2 mM or 
(C) 5 mM lauric acid. Lipid classes were separated using silica gel plates 
and n-heptane:diisopropyl ether:acetic acid (60:47:2 by volume) as solvent 
system. 
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Figure 32. Radioscan of single lanes of TLC plate showing lipid classes derived from 
the incorporation of lauric acid by haustorium of coconut plantlets cultured 
for 215 days on medium with various concentrations of NAA combined 
with 5 mM lauric acid. Culture medium contained (A) 0 mM, (B) 0.1 mM 
or (C) 0.4 mM NAA. Lipid classes were separated using silica gel plates 
and n-heptane;diisopropyl etheracetic acid (60:47:2 by volume) as solvent 
system. 
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Figure 33. Radioscan of single lanes of TLC plate showing lipid classes derived from 
the incorporation of lauric acid by roots of coconut plantlets cultured for 
215 days on medium with various concentrations of the fatty acid in the 
absence of NAA. Culture medium contained (A) 0.00045 mM, (B) 2 mM or 
(C) 5 mM lauric acid. Lipid classes were separated using silica gel plates 
and n-heptane:diisopropyl etheracetic acid (60:47:2 by volume) as solvent 
system. 
149 
3.3.8. Ejfects of lauric acid, naphthalenacetic acid and benzylaminopurine 
concentrations on transformation of lauric acid into other fatty acids by 
various organs of coconut plantlets derived from zygotic embryos. 
The supplied lauric acid was transformed into other fatty acids by the various organs of 
the plantlets. After saponification, the detected fatty acids included unsaturated fatty 
acids such as m-9-octadecenoic acid (oleic acid, 18:1), cis, cis-9, 12-octadecadienoic 
acid (linoleic acid, 18:2) and all-cw-9, 12, 15-octadecatrienoic acid (hnolenic acid, 18:3) 
as well as saturated fatty acids consisting of octanoic acid (caprylic acid, 8:0), 
dodecanoic acid (lauric acid, 12:0), tetradecanoic acid (myristic acid, 14:0) and 
hexadecanoic acid (palmitic acid, 16:0). In most of the cases the incoiporation of 
''^C-lauric acid derived radioactivity into fatty acids shorter than 12 carbons was minor, 
with exception of organs derived from plantlets cultured in high concentration of this 
fatty acid (Tables 11, 13 and 15 and Figures 34, 35 and 36). 
The content of individual NEFAs in the organs of plantlets, expressed as nmoles per 
organ and nmoles per gram of tissue, increased with increasing concentration of lauric 
acid in the medium, even though in some cases statistical differences in their values 
were not found (Tables 10 and 11). Shoots had the highest contents of fatty acids 
transforming lauric acid preferentially into unsaturated fatty acids, especially into 18:1 
and 18:2. Lauric acid and palmitic acid were the main saturated fatty acids contained in 
this tissue. In roots, the transformation of lauric acid into other fatty acids varied with its 
concentration in the medium. In low and high concentrations of lauric acid in the 
medium, roots transformed this fatty acid mainly into saturated fatty acids (i.e. content 
expressed as nmoles per whole root system) whilst the transformation shifted to 
unsaturated fatty acids at 2 mM lauric acid. Haustorium accumulated mainly saturated 
fatty acids, lauric acid being predominant. The transformation of lauric acid into 
unsaturated fatty acid had intermediate rates, yielding mostly either 18:1 or 18:2. 
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Table 10. Effects of lauric acid concentrations in the culture medium on the 
transformation of lauric acid into unsaturated fatty acids by various organs 
of coconut plantlets. Determinations were carried out after saponification. 
Plantlets were culture in media containing various concentrations of lauric 
acid in absence of NAA. Each value represents the mean±standard error of 
the mean of 2 replicates. Different letters in each column within each organ 
indicates values statistically different using LSD at 5% level. 
Organ Lauric acid 
concentration 
(mM) 
Content of fatty acid in organ 
Total 
18:3 18:2 18:1 saturated 
Shoot 0.00045 0.000±0.0000a 0.001±0.0014b 0.008±0.0082a 0.034±0.0210a 
2 263.9±220.55a 231.5±77.89ab 454.4±39.24b 143.1±11.51a 
5 440.0±230.79a 1345.4±458.32a 1257.2±45.79a 1221.6±669.22a 
Haustorium 0.00045 0.000±0.0000a 0.000±0.0000a 0.000±0.0000a 0.037±0.0251b 
2 1.4± 1.44a 94.3±74.14a 27.5±0.40a 59.5±31.63b 
5 0.0±0.00a 47.0±9.09a 7 Z 8 ± 3 7 j C a 346.3±88.35a 
Root 0.00045 0.000±0.0000b 0.000±0.0000b 0.010±0.0109b 0.049±0.0082b 
2 24.6±12.06ab 253.7±17.75a 143.2±71.42ab 217.1±110.20ab 
5 32.3±0.78a O.O+O.OOb 273.9±64.72a 533. I± 131,43a 
Content of fatty acid per gram tissue 
(nmoles/g fresh weight tissue) 
Shoot 0.00045 0.000±0.0000a 0.0001 ±0 .0000lb 0.0008±0.00008b 0.006±0.00l2a 
2 54.0±37.75a 58.2±0.42ab 124.9+31.33a 41.5±16.62a 
5 72.9±39.12a 219.9±71.68a 206.7± 10.94a 202.6+113.3 la 
Haustorium 0.00045 0.000±0.0000a 0.000±0.0000a O.OOO+O.OOOOb 0.023±0.0083b 
2 2.0±2.01a 47.7±19.5a 24.9± 14.04b 69.0±57.91ab 
5 0.0±0.00a 60.9±38.77a 63.3±1.22a 355.9±102.23a 
Root 0.00045 0.0±0.00a 0.0±0.00a 0.005±0.0051c 0.027±0.0002b 
2 20.6±16.55a 164.1±75.20a 71.5±1.26b 107.8±0.61b 
5 36.1±6.88a 0.0±0.00a 292.4±21.11a 568.2±47.14a 
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Table 11. Effects of lauric acid concentrations in the culture medium on the 
transformation of lauric acid into saturated fatty acids by various organs of 
coconut plantlets. Determinations were carried out after saponification. 
Plantlets were culture in media containing various concentrations of lauric 
acid in absence of NAA. Each value represents the mean+standard error of 
the mean of 2 replicates. Different letters in each column within organ 
indicates values statistically different using LSD at 5% level. 
Organ Lauric acid 
concentration 
(mM) 
Content of fatty acid in organ 
8:0 12:0 14:0 16:0 
Shoot 0.00045 0.000±0.0000a 0.034+0.02 lOa 0.000±0.0000a 0.000±0.0000a 
2 3 j ± 3 j 9 a 57.9±23.80a O.O+O.OOa 73.4±47.04a 
5 144.8±88.90a 521.7±284.26a 0.0±0.00a 552.7±298.28a 
Haustorium 0.00045 0.000±0.0000a 0.033±0.0252a 0.004±0.0010b 0.000±0.0000b 
2 0.0±0.00a 51.5±23.65a 5.4±5.47ab 2.5±2.50b 
5 50.6±50.62a 154.2+55.88a 65.9±23.10a 75.5±4.95a 
Root 0.00045 0.000±0.0000a 0.035+0.0013a 0.012±0.0071a 0.017±0.0157a 
2 20.2±20.27a 134.8+66.87a 19/4+8.17a 42.5+14.85a 
5 79.4±79.48a 213.5+150.22a 46.0±20.88a 194.0± 119.20a 
Content of fatty acid per gram tissue 
(nmoles/g fresh weight tissue) 
Shoot 0.00045 0.000±0.0000a 0.0006+0.00012a 0.000±0.0000a 0.000±0.0000a 
2 0.6±0.68a 14.1+1.32a 0.0±0.00a 25.1 ±20.16a 
5 24.0±15.0a 86.5±48.14a 0.0±0.00a 91.6±50.53a 
Haustorium 0.00045 O.OOO+O.OOOOa 0.019+0.00996 0.0036±0.0015a 0.000±0.0000a 
2 0.0±0.00a 57.9±46.80ab 7.6±7.62a 3.4±3.49a 
5 29.5±29.55a 148.6±25.99a 91.5±66.56a 8&2±39.22a 
Root 0.00045 0.000±0.0000a 0.019+0.0026a 0.006±0.0028b 0.011 ±0.0107u 
2 6.6±6.64a 67.5± 1.43a 10.2+1.18ab 23.4+4.64a 
5 73.6±73.60a 209.5±127.34a 47.2±14.67a 237.7±168.50a 
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The transformation of lauric acid into saturated and unsaturated fatty acids 
(i.e. expressed as nmoles of individual unsaturated fatty acid per organ after 
saponification) by the various organs of plantlets decreased with increasing 
concentrations of NAA in the culture medium, with exception of haustorium which had 
the highest transformation of lauric acid into 18:3 at 0.1 mM of NAA (Tables 12 and 
13). At the same concentration of auxin, this organ accumulated the highest quantities 
of untransformed lauric acid as well. When expressed as as nmoles per gram of tissue, 
the content of individual fatty acids varied inconsistently with the concentrations of 
NAA without following trend. 
Increasing concentrations of BAP in the medium affected differentially the 
transformation of lauric acid into other fatty acids (i.e. values expressed as nmoles per 
organ) in each organ of the plantlets after saponification; Tables 14 and 15). In roots and 
shoots, the transformation of lauric acid into unsaturated and saturated fatty acids as 
well as the content of untransformed lauric acid tended to decrease with increasing 
concentrations of BAP. Exceptions were 18:2 in shoots and roots and 18:1 in the former 
organ which did not follow a clear tendency. In both tissues lauric acid was mainly 
transformed into 18:1, 18:3 and 16:0. The transformation of lauric acid by haustorium 
into other fatty acids was not associated with the concentrations of BAP in the medium. 
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Table 12. Effects of NAA concentrations in the culture medium on the transformation 
of lauric acid into unsaturated fatty acids by various organs of coconut 
plantlets. Determinations were carried out after saponification. Mantlets were 
cultured in media containing various concentrations of NAA combined with 
2 mM lauric acid. Each value represents the mean±standard error of the 
mean of 2 replicates. Different letters in each column within each organ 
indicates values statistically equal using LSD at 5% level 
Organ NAA 
concentration 
(mM) 
Content of fatty acid in organ 
Total 
18:3 18:2 18:1 saturated 
Shoot 0 263.9+220.55a 231.5±77.89a 454.4±39.24a 143.1±11.51a 
0.1 0.0±0.00a 0.0±0.00b 41.7±41.77b 359.5±263.00a 
0.4 0.0+0.00a 0.0±0.00b 0.0±0.00b 446.6±i 50.99a 
Haustorium 0 1.4± 1.44a 94.3±74.14a 27.5±0.40a 59.5+31.63a 
0.1 0.0±0.00a 11.4±11.46a 1184.6±1152.87a 2747.1±2460.62a 
0.4 0.0±0.00a O.O+O.OOa O.O+O.OOa 2505.3±1340.81a 
Root 0 24.6±12.06a 253.7±17.75a 143.2±71.42a 217 .1± l i0 .20a 
0.1 29.3±29.39a 43.0±43.03b 3&9±3&91a 114.3±37.38a 
0.4 0.0±0.00a 7.5±7.50b 25.6±7.57a 201.6±46.86a 
Content of fatty acid per gram tissue 
(nmoles/g fresh weight tissue) 
Shoot 0 54.0±37.75a 58.2±0.42a 124.9±31.33a 41.5±I6.62a 
0.1 0.0±0.00a 0.0±0.00b 19.9± 19.99b 261.0±214.87a 
0.4 0.0±0.00a 0.0±0.00b 0.0±0.00b 431.7±95.75a 
Haustorium 0 2.0±2.01a 47.7±19.57a 24.9+14.05a 69.0+57.9 la 
0.1 0.0±0.00a 5.1±5.16a 431.3±417.06a 1009.7±880.55a 
0.4 0.0±0.00a O.O+O.OOa 0.0±0.00a 638.5± 104.09a 
Root 0 20.6±16.55a 164.1±75.20a 71.5±1.26a 107.8±0.61a 
0.1 7.6±7.61a l l . l ± 1 1 . 1 5 a 10.0±10.08ab 1008.2±988.34a 
0.4 0.0±0.00a 37.7±37.71a 69.5±21.36b 568.8±208.76a 
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Table 13. Effects of NAA concentrations in the culture medium on the transformation 
of lauric acid into saturated fatty acids by various organs of coconut 
plantlets. Determinations were carried out after saponification. Plantlets were 
culture in media containing various concentrations of NAA combined with 2 
mM lauric acid. Each value represents the mean±standard error of the mean 
of 2 replicates. Different letters in each column within each organ indicates 
values statistically different using LSD at 5% level 
Organ N A A 
concentration Content of fatty acid in organ 
(mM) (nmoles/organ) 
8:0 12:0 14:0 16:0 
Shoot 0 3.5±3.59a 57.9±23.80a 0.0±0.00b 73.4±47.04a 
0.1 0.0±0.00a 276.0±206.34a 9.8±1.50a 20.7±2.20a 
0.4 0.0±0.00a 446.6±150.99a 0.0±0.00b 0.0±0.00a 
Haustorium 0 O.O+O.OOa 51.5±23.65a 5.4±5.47a 2.5±2.50a 
0.1 0.0±0.00a 2535.4±2286.43a 136.5±120.75a 74.88±53.22a 
0.4 65.9±65.95a 637.0±8.55a 73.8+43.50a 90.5±54.34a 
Root 0 20.2±20.27a 134.8±66.87a 19.4±8.17a 42.5±14.85a 
0.1 12.8±12.82a 101.5±50.21a 0.0±0.00a 0.0±0.00b 
0.4 0.0±0.00a 195.0 ±40.30a O.O+O.OOa 6.5±6.55ab 
Content of fatty acid per gram tissue 
(nmoles/g fresh weight tissue) 
Shoot 0 0.6±0.68a 14.1±1.32a 0.0±0.00b 25.1±20.16a 
0.1 0.0±0.00a 201.0±167.71a &3±Z34a 13.2±4.33a 
0.4 0.0±0.00a 431.7±95.75a 0.0±0.00b 0.0±0.00a 
Haustorium 0 0.0±0.00a 57.9±46.80a 7.6±7.62a 3.4±3.49a 
0.1 O.O+O.OOa 931.2±818.97a 50.2±43.13a 28.1±18.36a 
0.4 9.1±9.16a 249.5±162.19a 17.8±1.51a 21.6±1.46a 
Root 0 6.6±6.64a 67.5+1.43a 10.2±1.18a 23.4±4.64a 
0.1 3.3±3.32a 1004.9+991.6a 0.0±0.00b 0.0±0.00a 
0.4 O.O+O.OOa 559.3±218,27a O.O+O.OOb 9.5±9.50a 
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Table 14. Effects of BAP concentrations in the culture medium on the transformation of 
lauric acid into unsaturated fatty acids by various organs of coconut plantlets. 
Determinations were carried out after saponification. Each value represents 
the mean±standard error of the mean of 2 replicates.Different letters in each 
column within each organ indicates values statistically different using LSD at 
5% level. 
Organ BAP 
concentration 
(mM) 
Content of fatty acid in organ 
(nmoles/organ) 
18:3 18:2 18:1 
Total 
saturated 
Shoot 0 248.7±13.5a 20.4±20.40a 245.8±59.58a 886.3±39.34a 
0.1 135.9±31.43ab 111.8±75.92a 311.4± 160.95a 541.5+239.29a 
0.4 38.3±38.37b 98.1±98.15a 227.3±176.27a 390.6± 109.66a 
Haustorium 0 0.0±0.00a 3.6+3.60a 4 j k 4 ^ 7 a 1472.7±1027.81a 
0.1 4.0±4.00a 96.8±26.84a 23.2±2.07a 181.7±79.15a 
0.4 4.8±4.81a 24.1 ±24.12a 28.6±28.60a 3038.6±2790.49a 
Root 0 4.6±4.60a 19.3±9.60b 60.9±36.74a 541.9±0.28a 
0.1 7.0± 1.68a 66.1±7.34a 18.4±4.57a 252.9±29.24b 
0.4 0.8±0.88a 8.6±0.61b 3.5±3.56a 57.2± 1.99c 
Content of fatty acid per gram tissue 
(nmoles/g fresh weight tissue) 
Shoot 0 41.6±1.77a 3.4+3.46a 41.1±9.42a 148.6±8.39a 
0.1 33.0±7.37a 27.0±18.2a 75.4±38.53a 132.2±59.31a 
0.4 10.3±10.34a 26.4±26.46a 56.5±52.25a 59.0±16.71a 
Haustorium 0 0.0±0.00a 2.1±2.15a 2.8±2.85a 1567.3± 1306.85a 
0.1 3 .8±189a 174.5±106.50a 39.0+18.48a 346.4± 1246.6 la 
0.4 7.4±7.45a 37.3±37.34a 44.2±44.28a 1860.4+1476.24a 
Root 0 2.0±2.04a 10.0±2.77a 41.8±31.16a 322.7±82.74a 
0.1 
0.4 
6.4±0.68a 
4.5±4.52a 
68.6±29.58a 
36.6+10.71a 
16.9±1.64a 
11.5+11.53a 
262.9±114.3a 
241.4+62.52a 
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Table 15. Effects of BAP concentrations in the culture medium on the transformation of 
lauric acid into saturated fatty acids by various organs of coconut plantlets. 
Determinations were carried out after saponification. Each value represents 
the mean±standard error of the mean of 2 replicates. Different letters in each 
column within each organ indicates values statistically different using LSD at 
5% level 
Organ BAP 
concentration 
(mM) 
Content of fatty acid in organ 
(nmoles/organ) 
8:0 12:0 14:0 16:0 
Shoot 0 96.8+50.65a 568.3±41.95a 0.0±0.00a 168.7±0.91ab 
0.1 0.0±0.00a 303.7±204.47a 14.5±14.56a 223.2+49.39a 
0.4 0.0±0.00a 314.8±126.30a 12.1±12.13a 63.6±4.49b 
Haustorlum 0 0.0±0.00a 1329.2±962.24a 87.9±34.54a 51.4+31.02a 
0.1 O.O+O.OOa 148.4±88.25a 8.0±0.78a 2 5 j ^ 8 3 0 a 
0.4 O.O+O.OOa 2770.0±2650.46a 160.4±118.15a 108.1±21.88a 
Root 0 27.5±27.57a 382.4±66.53a 71.8±23.82a 59.9±15.42a 
0.1 0.0±0.00a 189.5±11.96b 24.5±2.31b 38.8±14.96a 
0.4 5.4±5.43a 46.5±7.00b 0.0±0.00b 5.3+0.42a 
Content of fatty acid per gram tissue 
(nmoles/g fresh weight tissue) 
Shoot 0 16.3±8.68a 95.3±8.14a O.O+O.OOa 28.2±0.18ab 
0.1 0.0±0.00a 74.3±50.36a 3.5±3.51a 54.4± 12.46a 
0.4 0.0±0.00a 44.0±6.75a 3.2±3.27a 11.6±6.68b 
Haustorium 0 O.O+O.OOa 1424.3+1209.5 la 86.0±54.77a 56.8±42.55a 
0.1 0.0±0.00a 298.2±239.69a 12.5±3.96a 35.6±2.94a 
0.4 0.0±0.00a 1643.9± 145 8.80a 112.5±46.99a 103.9±29.53a 
Root 0 20.6±20.62a 217.6±18.65a 46.4+25.14a 38.0±18.32a 
0.1 0.0±0.00a 193.6±75.75a 25.3± 10.56a 43.9±28.05a 
0.4 17.5±17.58a 201.2±73.31a O.O+O.OOa 22.5±6.79a 
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Figure 34. Typical radioscan of a single lane of TLC plate showing (A) unsaturated and 
saturated fatty acids derived from the transformation of lauric acid by 
haustorium of coconut plantlets cultured for 215 days on medium with 2 
mM lauric acid in absence of NAA. After saponification, fatty acids were 
separated using silica gel plates impregnated with silver nitrate and n-
heptane:diisopropyl ether:acetic acid (60:47:2 by volume) as solvent system. 
Radioactive fatty acids standards included (B) 18:1, (C) 18:2 and (D) 12:0, 
whilst a non-radioactive standard was 18:3 which was visualised by 
staining. 
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Figure 35. Typical radioscan of a single lane of TLC plate showing (A) saturated fatty 
acids derived from the transformation of lauric acid by haustorium of 
coconut plantlets cultured for 215 days on medium with 2 mM lauric acid 
acid in absence of NAA. After saponification, fatty acids were separated 
using reversed-phase silica gel plates and acetonitri 1 e:tetrahydrofuran:water 
(90:25:10 by volume) as solvent system. Radioactive fatty acids standards 
(B) included 8:0, 12:0, 14:0 and 16:0, whilst non-radioactive standards 
were 10:0 and 18:0 which were visualised by staining. 
159 
Counts 
Origin Solvent front 
200 mm 
Figure 36. Typical radioscan of single lanes of TLC plate showing saturated fatty acids 
derived from the transformation of lauric acid by roots of coconut plantiets 
cultured for 215 days on medium with (A) 2 mM or (B) 5 mM lauric acid in 
absence of NAA. After saponification, fatty acids were separated using 
re versed-phase silica gel plates and aceton i tri 1 e: tetrah y drof uran .water 
(90:25:10 by volume) as solvent system. Radioactive fatty acids standards 
(C) included 8.0, 12:0, 14:0 and 16:0, whilst non-radioactive standards were 
10:0 and 18:0 which were visualised by staining. 
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3.4. Discussion. 
The experiment studying the effects of sucrose and lauric acid concentrations in the 
culture medium on haustorium growth confirmed the reported requirement of sugars for 
the initial stages of germination of coconut embryos (Balasubramaniam et al, 1973; 
Balachandran and Arumughan, 1995a; Table 2 and Figures 15 and 16). This was 
evident by the absence of germination of embryos cultured in medium without sucrose 
and high concentrations of lauric acid (Table 2) as the embryos neither formed shoots 
and roots nor gained weight (Figures 15). In this experiment the concentration of 
activated charcoal (5 g/1) was kept high throughout the culture which resulted in a 
reduced supplied of lauric acid (30 nmoles per culture; Figure 21 B). It might be an 
argument that the quantity of available lauric acid, the potential source of energy, in the 
medium was not enough to support the germination and growth of the embryos. 
However the presence of the fatty acid seemed to inhibit germination even in such 
concentrations (Table 2). This result was widely demonstrated in other experiments 
which used higher concentrations of lauric acid at similar stages of development as 
showed later. 
Similarly, no haustorium growth was observed in embryos cultured in medium without 
sucrose regardless the content of lauric acid (Figure 16). It seems that haustorium, like 
the whole embryo, requires carbohydrate to fulfil its energy needs for growth in 
addition of using it for other purposes such as the synthesis of pentosans for cell walls 
and formation of starch as food reserves (Balasubramaniam et al., 1973). 
The absence of a response of the haustorium to lauric acid in the culture medium may 
be because the enzymes responsible for the conversion of fatty acids into sugars 
(i.e. enzymes involved in the |3-oxidation pathway and glyoxylate cycle; Sigimura and 
Murakami, 1990; Balachandran and Arumughan, 1995a,b) were still not induced or 
activated. Balachandran and Arumughan, (1995a) reported that activity of the above 
enzymes is detected in coconut haustorium in the first two thirds of the period thai the 
embryonic sprout takes to appear from the nut (i.e. after 16 weeks in tall ecotypes and 
11.5 weeks in dwarf ecotypes of coconut). The measurement of growth of coconut 
haustorium in the above experiment took place after 30 days of culture. 
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Another explanation for the lack of responses of haustorium to lauric acid at early stages 
of germination is a possible damage of this organ which occurred when the embryos 
were surface disinfected with sodium hyplochlorite and ethanol, as shown in the results 
of the experiment comparing two methods of disinfection (Table 3 and Plate 9). This 
was probably because the embryos were completely exposed to sodium hyplochlorite 
and ethanol (DeMason et ai, 1992; Berger et al., 1994) after being excised from the 
endosperm cores. The epithelial and subepithelial cell layers of haustorium, the main 
tissue of haustorial metabolism, may have been irreversibly damaged because of the 
oxidative activity of sodium hyplochlorite to membranes and cell walls (Behrsing et al., 
2000; Fineran, 1997) or by the dissolution of membranes and other lipids by ethanol 
(Christie, 1989). In contrast, in the method involving calcium hypochlorite, the embryos 
were not exposed to the disinfectant agent resulting in considerably growth of 
haustorium. 
In a latter experiment, the supply of lauric acid to the coconut zygotic embryos at early 
periods of culture (i.e. 15 and 30 days of culture) arrested the growth of both the whole 
plantlets and their organs (Figures 17 and 18), especially that of shoots and roots (Plate 
2). In parallel, an accumulation of oil bodies was observed in the epithelial and 
subepitelial cell layers of their haustoria (Plate 3 A and B). The presence of an extensive 
endoplasmic reticulum and a large number of plastids, mitochondria and glysosomes in 
these cells indicated great activity of lipid metabolic enzymes with, perhaps, a 
predominance of the synthesis process. It is possible that the supplied lauric acid, either 
transformed or not by the plastids, is incorporated by the endosplasmic reticulum into 
triacylglycerols and, subsequently, used to form the oil bodies. Such oil bodies alone or 
in interaction with plant hormones, for instance abscisic acid (Holbrook et al., 1991), 
instead of stimulating germination, led the embryo to a stage of "fate" embryo 
neoformation or maturation. In oil palm, the formation and maturation of somatic 
embryos was accompanied by the appearance of large oil bodies in them or callus 
(Tumham and Northcote, 1982, 1984). 
Plastids of the epithelial and subepithelial cells of haustorium contained electron-opaque 
globular bodies (Plate 5). It has been reported that plastids, in addition to containing 
starch grains, have plastoglobuli. Plastoglobuli are lipid body-like structures which can 
sequester a variety of neutral lipids including TAGs, sterol esters, carotenoids and other 
lipophilic pigments (Steinmiiller and Tevini, 1985; Dutta et al., 1991, Murphy, 2001). 
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Isolation and purification techniques of plastoglobuli may confirm in the future whether 
the electron-dense globular structures identified in the plastids of the coconut 
haustorium are truly plastid lipid bodies (Steinmuller and Tevini, 1985). If this were the 
case, the inhibition of germination of the coconut zygotic embryos may be not only due 
to the presence of oil bodies but also possibly to the effect of plastoglobuli. 
Embryos produced complete plantlets with well-formed haustorium when lauric acid 
was supplied after 60 or 75 days of culture (Plate 2 and Figures 17 and 18). A few oil 
bodies were present in the epithelial cells of the haustorium and electron-dense 
granules, located mainly in the vacuoles, appeared (Plates 6, 7 and 8). The increased 
growth of the plantlets and their organs may have induced the degradation of lipid 
bodies by enzymes contained in the haustorium. In agreement with other reports, the 
enzymes responsible for the conversion of lipids to sugars, in this case enzymes of the 
^-oxidation and glyoxylate pathways, may be active at this stage of culture 
(Balachandran and Arumughan, 1995a,b). The electron dense granules of coconut 
haustorium resembled the polyphosphate granules of epithelial cells of haustorium of 
date palm, which are composed mainly of phosphorous and calcium (DeMason and 
Stillman, 1986; Chandra Sekhar and DeMason, 1989; DeMason and Chandra Sekhar, 
1990). Such granules might be responsible for providing high quantities of phosphorous 
for carbohydrate breakdown, sugar conversions and cell wall synthesis occurring during 
embryo germination and seedling development (DeMason et ai, 1989). In later 
experiments, lauric acid was supplied in the culture medium after 80 days of culture as 
standard procedure to study the effects of this fatty acid in haustorium development of 
coconut. An increase of 5 days to the initially tested period (i.e. from 75 to 80 days of 
culture) led to an increase in the number of embryos possessing shoot with unfolded 
leaves, a good morphological marker for the initiation of lipid metabolism in palms (Oo 
and Stumpf, 1983 b). 
The origin of the oil bodies is a subject of discussion at present since a great diversity of 
interactions between cell organelles as well as a variety of oil body structures arc 
observed during their biogenesis (Murphy, 2001). Because of apparent continuities 
between the ER and the forming lipid bodies, it has been suggested that they arose by 
vesiculation from endoplasmic reticulum (Wanner el ai, 1978, 1981; Murphy, 2001). 
Other investigators have failed to see these continuities, but they do observe lipid bodies 
arising from granular areas of the cytoplasm. The latter are indistinct and diffuse in 
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structure without any bordering membrane and are called nascent lipid bodies (Dutta et 
al., 1991). Independently of the time of supplying lauric acid to coconut embryos in our 
experiments, oil bodies were distributed freely in the cytoplasm (Plate 3 A) whilst 
others were associated with the endoplasmic reticulum having mitochondria and plastids 
in their vicinity (Plate 4). In other experiments, some of the "nascent" oil bodies were 
associated with vacuoles containing crystals which seemed to consist mainly of lauric 
acid, as judged for the similarities to lauric acid crystals stuck to the surface of 
haustorial epithelium (Plate 12 D). 
Another distinct characteristic of the lipid bodies of coconut haustorium is the presence 
of a bordering electron-opaque fluid layer instead of a membrane. Because of its 
electron adsorption property, its likely that this layer is constituted by poorly arranged 
phospholipids immersed in other polar lipids. Although lipid bodies are typically 
surrounded by an osmiophilic (mono or bilayer) membrane coated by a layer of oleosin 
proteins, there is no an absolute requirement for its presence (Holbrook et al., 1991; 
Dutta et al., 1991). 
Supplying lauric acid after 80 days of culture and keeping it constant supply throughout 
culture, the growth of both the haustorium and the whole plantlet increased with 
increasing concentrations of myo-inositol in the culture medium (Figures 19 and 20). 
mjo-Inositol also promoted the formation of "rudimentary" undulating structures (i.e. 
not fully formed undulating structures) in the epithelium of haustorium (Plate 12 A). A 
great variety and number of organelles, principally those related with lipid utilisation 
(i.e. plastids, glyoxysomes, mitochondria, endoplasmic reticulum and vacuoles), were 
present in the epithelial cells. This suggested that these cells were highly active in the 
metabolism of lipids. Therefore, the promoting effects of myo-inositol on haustorium 
and seedling growth may result from an increased metabolism of lipids, especially of 
the lauric acid supplied into the culture medium. In this context, increased quantities of 
phosphatidic acid (PA) may have derived from the incorporation of lauric acid into 
glycerolipids via the Kennedy pathway (Gurr, 1980, Salas et al., 2000). PA together 
with myo-inositol may have subsequently been utilised by transferase enzymes for the 
synthesis of phosphatidylinositol and its phosphorylated derivatives (Biffen and Hanke, 
1991; Loewus and Murthy, 2000). An increased content of these phospholipids might 
have ultimately stimulated higher formation of membranes and, in general, cell growth 
and division of haustorium and seedling. 
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Ultrastructural studies of epithelial and subepithelial cells forming the undulating 
structures revealed that vacuoles were involved in the intercellular transport of laurate 
crystals (Plate 12 D, E and F) as well as in the formation of oil bodies (Plate 12 H). 
Small vacuoles, located in the top of epithelial cells, seemed to discharge laurate 
crystals to the large vacuoles, which were located in the base, driving laurate crystals to 
the cell wall corresponding to the junction of epithelial and subephitelial cells. Since 
this cell wall was very thin, laurate could possibly move from the epithelial cells to the 
subepithelial cells by diffusion. Once inside of the subepithelial cells laurate was 
accumulated in peripheral small vacuoles and formed crystals. The small peripheral 
vacuoles discharged the laurate crystals into a large central vacuole of the subepithelial 
cells (Plate 12 D and E). It is likely that this mechanism of transport occuned 
successively in underlying cells until laurate reached the vascular bundles located 
underneath of the epithelium and subepithelium of the haustorium. It has been reported 
that phloem tissue, especially that of oily species, can transport massive quantities of 
lipids, contained in oil bodies or free, to all organs of the seedling (Muiphy, 2001; 
Madey et ai, 2002). Consequently, lauric acid, as its non-esterified form or 
incorporated into TAG, DAG, phospholipids, sterols and wax esters, could be 
transported by the phloem of the haustorium to the shoot for its utilisation in growth. 
This hypothesis of the myo-inositol stimulated vacuolar transport may reinforce the 
explanation of the promoting effects of the hexitol, via synthesis of phospholipids, on 
the growth of plantlet as well as its haustorium. 
It seemed that the intercellular transport of laurate, driven by vacuoles, may have a 
limited capacity. An excess of laurate in the epithelial cells of coconut haustorium may 
have led to the formation of oil bodies (Plate 12 H). This is because short to medium-
chain fatty acids (8:0-14:0), especially lauric acid, are incompatible with membrane 
bilayer organisation. These fatty acids are found in many types of seed and can act as 
membrane destabilising detergents. If such fatty acids are allowed to accumulate in the 
bi layer membrane, they will eventually solubilise it, and therefore, species that 
accumulated high concentrations of short to medium chain storage lipids must have 
rigorous mechanisms to ensure their channelling in the ER membrane or other 
organelles towards the formation of TAGs and away from membrane lipids (Ecclcston 
and Ohlrogge, 1998; Murphy, 2001). Epithelial cells of the coconut haustorium may 
have sequestered lauric acid in vacuoles forming crystals after excessive quantities were 
accumulated. Vacuoles interacted with oil bodies to incorporate lauric acid into TAG, 
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avoiding the potential damage of the fatty acid to membranes. Oil bodies, in addition to 
containing considerable quantities of TAG, phospholipids and other complex lipids, 
possess the enzymes responsible for the synthesis of TAG (Gurr, 1980; Murphy, 2001). 
Increasing concentrations of lauric acid in the culture medium stimulated considerably 
the growth of haustorium in addition to that of shoots and roots (Table 4). The fatty 
acid was supplied after 80 days of culture and was kept to the end of the incubation (215 
days) at various concentrations. Data showed that optimal concentration of lauric acid 
for the growth of the three organs was 2 mM. Shoot accumulated the highest quantities 
of lipids derived from the metabolism of the initially supplied lauric acid (Tables 6 and 
8). PL prevailed over the other lipid classes and most of the derived fatty acids were 
unsaturated, specifically 18:1 and 18:2 (Tables 8, 10 and 11). These fatty acids are 
typical components of phospholipids (Oo and Stumpf, 1983a,b; Khor and Oo, 1984; 
Harwood, 1996). This results suggested that the plantlet uses most of the lauric acid to 
synthesise glycerophospholipids to satisfy the needs of membrane formation during 
shoot growth, as reported with oil palm (Oo and Stumpf, 1983a,b; Tumham and 
Northcote, 1982, 1984). 
Haustorium and roots had lower rates of incorporation of lauric acid into PL than had 
shoots. Furthermore, the content of PL was comparable with those of TAG and NEFA 
(Table 8). Untransformed lauric acid prevailed in haustorium and roots, although 
considerable quantities of this fatty acid were transformed into 18:1, 18:2 and 16:0. This 
may suggest that these two organs play a role as transporters of lipids from the culture 
medium to shoots. 
Further evidence to support this hypothesis was obtained when changes of lipid classes, 
derived from [''^C]-lauric acid metabolism, were determined in shoots and haustoria 
throughout culture. Fast growing shoots accumulated high quantities of PL, together 
with moderate amounts of TAG and NEFA, at the expense of TAG and NEFA 
contained in haustoria. In contrast, shoots, which grew poorly, had low contcnt of PL, 
TAG and NEFA whilst the content of the two latter lipid classes was high in their 
corresponding haustoria (Table 4; Figures 22, 23, 27 and 28). Roots have been reported 
to transport lipids, either free or contained in oil bodies, during early stages of 
germination (Hensel, 1986; Murphy, 2001). The transport of lipids from haustorium to 
shoot followed possibly a phloem route facilitated by vacuolar transport as dcscribcd 
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previously. If the transport of TAG occurred, fast growing shoots may have been able to 
synthesis PL, particularly phospholipids, directly from TAG in addition to NEFA. 
Triacylglycerol lipase can hydolyse TAG to DAG whilst diacylglycerol kinase converts 
DAG into phosphatitic acid (PA). Both DAG and PA are well-known intermediates of 
phospholipid synthesis in plants (Mudd, 1980; Browse and Somerville, 1991; 
Athenstaedt and Daum, 1999). 
However, another more energy-consuming route, proposed in germination in situ, may 
have participated in the transport of the lipids. This involves the conversion of lauric 
acid and complex lipids into acetyl-CoA or sugars by enzymes of haustorial epithelium 
(i.e. enzymes involved in p-oxidation and glyoxylate pathways, respectively). Because 
of their high hydrophilicity, these compounds can be then transported easily by the 
phloem from haustorium to the shoots. Once in the shoots, these compounds may be 
re-utilised for the biosynthesis of fatty acids and, subsequently, complex lipids 
(Sigimura and Murakami, 1990; Balachandran and Arumughan, 1995a,b). 
The supply of lauric acid in the medium at 5 mM seemed to be marginally inhibitory for 
the growth of shoots and roots whilst haustorium showed high tolerance to this 
concentration, especially when no NAA was added to the culture medium (Table 4 and 
Figures 22 and 23). The toxic effects of lauric acid may have derived from the increased 
quantitities of NEFA in the shoot and roots. Elevated quantities of NEFA, particularly 
lauric acid, in cells of shoots and roots may have caused an "acid overload effect" 
(Delbarre et al, 1994), which can produce a collapse of cellular functions, in addition to 
affecting membrane integrity. The higher tolerance of haustorium to high content of 
NEFA may be explained by the vacuolar mechanism leading to the sequestering of fatty 
acids (i.e. lauric acid) observed in epithelial cells of coconut (Plate 12 D, E and F). 
The effects of lauric acid on haustorium growth were increased when this fatty acid, al a 
concentration of 2 mM, was combined with NAA, producing the biggest hauslorium of 
the experiments (Figure 23). NAA may have stimulated the cell expansion of central 
parenchyma cells of the haustorium, the suggested main driven process of haustorium 
growth (Sigimura and Murakami, 1990), whilst lauric acid may have readily been 
utilised for formation of membranes. The fact that lauric acid stimulated the growth of 
haustoria, even with high content of sucrose in the medium, suggested that the prompt 
supply of fatty acids is important for the growth of this organ as well as for the whole 
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plantlet. In natural germination, lauric acid starts to be mobilised after two thirds of the 
period that the embryonic sprout takes to appear from the nut (i.e. after 80 days for the 
ecotype, Malayan Yellow Dwarf, used at the present work). After this period, the fatty 
acids, comprised predominantly of lauric acid, are utilised as source of energy or 
precursor of complex lipids for the growth of haustorium, shoots and roots 
(Balachandran and Arumughan, 1995a,b). 
In spite of its promoting effects in haustoria, increasing concentrations of NAA 
inhibited the growth of shoots and roots, expressed as fresh weight and dimensions 
(Tables 4 and 5). It seems that the coconut embryos, like date palm embryos, possess a 
high degree of autonomy on auxin metabolism therefore very little exogenous supply of 
auxin-like compounds is required (DeMason et al, 1992). The addition of NAA in the 
medium may have increased drastically the total endogenous pool of auxins in the 
embryos inhibiting the growth of the above two organs. It has been reported that high 
concentrations of auxin in plantlets increases synthesis of ethylene which, subsequently, 
inhibits root formation and growth (Salisbury and Ross, 1992; Davies, 1995). Inhibition 
of shoot growth may be due to a direct effect of NAA itself or by an indirect effect on 
arresting the promoting effects of cytokinins in shoot formation and elongation (Wanen 
Wilson and Warren Wilson, 1993; Davies, 1995; McGaw, 1995). Inhibition of shoots 
and roots by NAA resulted in a decrease in their content of fatty acids and lipid classes 
derived from the initially supplied lauric acid (Tables 7 and 8). 
In the presence of a constant supply of lauric acid after 80 days of culture, BAP 
stimulated the growth of haustorium and other organs of the coconut plantlets (i.e. 
shoots and roots) only in absence of NAA (Figures 24 and 25). However, the effects of 
BAP on haustorium growth were less pronounced that those of the auxin, which were 
described previously. The promoting effects of cytokinins in shoot growth, via cell 
division and elongation, are widely known (McGaw, 1995). Their effects on haustorium 
growth could be due primarily to an increase on cell division, as suggested by 
Kobayashi et ai, (1995, 1997), although the effects of endogenous auxins in the 
embryo, required to trigger this cell process, may have also played an important role 
(Davies, 1995; Krikorian, 1995). 
The inhibitory effect on the growth of organs of plantlets which occurred when BAP 
and NAA were added simultaneously in the culture medium suggested thai either 
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cytokinins and auxin may act in different time in haustorium and seedling development 
or that lower concentrations of both growth regulators were required. The partial 
restoration of shoot growth by BAP in high concentrations of NAA (Figure 24 and 
Plates 16 and 17) can be considered as evidence that both plant hormones are required 
for normal seedling development. Further research should be undertaken to study the 
timing of supply and ratios of auxins and cytokinins to promote normal haustorium and 
seedling development in coconut. 
Controls (i.e. frozen embryos cultured in medium with the same composition as the 
treatments) accumulated 3.7-7.0 times higher quantities of lauric acid, expressed as 
nmoles per gram tissue, than growing embryos. As controls did not metabolise lauric 
acid, the only driving force for its influx was diffusion. It has been reported that lauric 
acid, unlike longer fatty acids, is taken up by growing cells only by diffusion (Banchio 
and Gramajo, 1997). This suggests that the uptake of lauric acid by growing embryos 
may have been by the same mechanism. However, the decreased concentration of lauric 
acid in germinating embryos with respect to controls indicated that a "dilution" effect, 
resulted probably from tissue growth or the metabolism of the fatty acid, may have 
influenced its rates of uptake as well. 
In the experiments on lauric acid metabolism, it was not possible to determine if the 
[''^CJ-iauric acid supplied in the medium was elongated or converted to acetyl-CoA and 
then used for de novo synthesis. Radioactivity in shorter fatty acids (8:0) indicated some 
degradation of the fatty acid via (3-oxidation, but their quantities were fairly small. 
However future studies involving KMn04 chemical a-oxidation and assessments of the 
activity of elongases, desaturases and enzymes of the ^-oxidation pathway may produce 
a better explanation of the mechanisms participating in the metabolism of lauric acid 
during coconut germination (Harris et al., 1965; Oo and Stumpf, I979j. The study ol 
the direct effects of auxin and cytokinins in elongation and desaturation of fatty acids 
should be also included in this research (Haider and Gadgil, 1984; Pandley and Gadgil, 
1984). 
All experiments produced evidence that the growth of haustorium and, in general, (he 
whole seedling depend on the accumulative effects of lauric acid, sucrose, mvo-inositol. 
an auxin (NAA) and a cytokinin (BAP) instead of being regulated by a smgle factor. 
Even though these factors promoted its growth considerably, the biggest and heaviest 
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haustorium produced in vitro is still 22-fold less than the haustorium developed in intact 
nuts (Figure 23 and Appendix Table 3). The developmental stage of haustorium 
produced in vitro was comparable with that of haustorium developing in intact nuts with 
1-2 months of culture (Plates 18, 19 and 20). The timing of supplying lauric acid and 
sucrose was paramount in increasing haustorium growth in vitro, however deeper 
research should be undertaken to assess the effects of reduction of sucrose 
concentrations in the culture medium after the utilisation of lipids has been initiated (i.e. 
after 75 days of culture). The role of other carbohydrates, such as oligosaccharides and 
sorbitol from coconut water and galactomannans from solid endosperm, on haustorium 
development should also be included in this research as they have important roles in cell 
signalling, osmotic regulation and supply of carbon (White et al, 1989; Mujer et ai, 
1994a,b). Because coconut roots are physically separated from the endosperm lipids in 
the nuts, the growth of haustorium in vitro might also be improved if roots are separated 
from the culture medium by special techniques. Such studies should be accompanied 
with the control of light supply of the haustorium as this factor regulates fatty acid 
metabolism in plants (Harwood, 1996). 
Studies on the metabolism of lauric acid revealed that shoots, haustoria and roots 
participated in a concerted manner in the utilisation of this fatty acid during 
germination. However, more information is required on metabolism of lipids in each 
organ, especially related with enzymatic activity (i.e. activity of lipases, enzymes of 
glyoxylate cycle, ^-oxidation, triacylglycerol and phospholipids synthesis), to obtain 
better understating biochemical events that transform the embryo into seedling. 
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3.5. Conclusions. 
Coconut zygotic embryos have an absolute requirement for energy, provided by sucrose 
in these experiments, for their germination and haustorium development. 
The growth of haustorium was minor after a surface sterilisation protocol which 
involved direct exposure of the embryo to ethanol and sodium hypochlorite. 
The supply of lauric acid at early stages of germination drastically inhibited the growth 
of haustorium, shoots and roots, whilst normal seedling development (including 
haustorium) was promoted when the fatty acid was provided to the coconut embryos 
after 60 days of culture. Embryos which underwent inhibition accumulated oil bodies in 
the cytoplasm and electron-dense globular structures in plastids. 
With a constant supply of lauric acid, the growth of coconut haustorium as well as the 
whole plantlet was increased with increasing concentrations of 7??}^o- inos i to l in the 
culture medium. The hexitol also induced a form of intercellular transport of laurate, 
driven mainly by vacuoles, in the haustorial epithelium in addition to increase the 
number of cellular organelles in the cells of this tissue. 
The addition of lauric acid in the culture medium, particularly at the concentration of 
2 mM, increased the growth of the haustorium and other organs of coconut plantlets. 
Shoots utilised the highest quantities of the supplied lauric acid metabolising it mainly 
into unsaturated fatty acids and, subsequently, polar lipids. The accumulation oi polar 
lipids in shoots was at expense of TAG and NEFA contained in the haustorium, which 
played a major role in absorption of the fatty acid and its incorporation into TAG. 
The highest rate of growth of the haustorium was produced when embryos were fed 
with 2 mM lauric acid combined with NAA, although the inclusion of this auxin caused, 
simultaneously, a reduction in the growth of shoot and roots as well as in their contents 
of individual fatty acids and lipid classes. 
With a constant supply of lauric acid, the growth of haustorium and other organs of 
coconut plantlets increased with increasing concentrations of BAP in the culture 
medium. NAA arrested the promoting effects on growth of this cytokinin. 
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Combining the observations from the experiment we propose an optimum method as 
follows: embryos are surface disinfected with calcium hypochlorite solution at 45 g/litre 
for 30 minutes. After rinsing the embryos three times with sterilised distilled water, 
embryos are incubated in MS medium supplemented with 0.166 M sucrose, 5 g/1 
activated charcoal, 2 mM lauric acid, 2.777 mM /Myo-inositol, 0.4 mM BAP, less than 
0.1 mM NAA and a mixture of vitamins and growth factors (i.e. all components 
reported by Morel and Wetmore, 1951 omitting myo-inositol). Embryos are transfened 
every 45 days to fresh media. The concentration of activated charcoal is reduced from 
5 to 1.5 g/1 and 3 g/1 of phytagel is added into the medium after 80 days of culture. 
Embryos are kept in the dark at 29 °C at the early stages of germination but they are 
transferred to light after 80 days of culture as well. The embryos are cultured in the 
above conditions until 215 days of culture when the coconut plants are developed. 
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Chapter 4 
The metabolism of 2,4-dichlorophenoxyacetic acid by 
immature inflorescences and plumular tissue during 
coconut callus induction 
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4. The metabolism of 2,4-dichIorophenoxyacetic acid by immature 
inflorescences and plumular tissue during coconut callus induction. 
4.1. Introduction. 
4.1.1. Plant growth regulators used for induction of coconut callus. 
The general protocol for somatic embryogenesis of coconut typically consists of the 
initiation of callus, the induction and formation of somatic embryos and the subsequent 
regeneration of plants. 
Production of callus is attained by exposure of the coconut explants to culture medium 
containing macro- and micronutrients of Murashige and Skoog (1962), sucrose 
(0.116 M), activated charcoal (3 g/1) and a variable concentration of the auxin 
2,4-dichlorophenoxyacetic acid (2,4-D) depending on the type of explant (Blake, 1995; 
Buffard-Morel et al., 1995). 
The coconut calli, derived from a variety of explants, grow through meristematic centres 
or zones into a cluster constituted by un- and differentiated regions of cells. 
Differentiated regions contain mainly tracheary elements which lack the signals to 
organize into authentic tissue or organs. Brackpool et al., (1986) introduced the term 
"calloid" to describe these histological characteristics and to discriminate it from the 
classical concept of callus (i.e. an entity which results from the anarchic proliferation of 
undifferentiated cells). Currently, histological studies in many plants, especially 
dicotyledonous species, have been shown that derived calli have similar characteristics 
to those from coconut calloid (Crevecoeur et al., 1987; Fransz and Schel, 1990; Lam be 
et al., 1997). Consequently, in this report the term calloid is condensed to callus. 
The substitution of 2,4-D by other auxins for callus induction has been attempted in 
many types of coconut explants but the results are lower than or comparable to those 
with 2,4-D. In immature inflorescence tissues the auxins fluroxypyr acid, dicamba, 
picloram and naphthaleneacetic acid (NAA) were toxic in a range of concentrations 
and/or did not promote callus formation, whereas 2,4,5-T produced as low percentages 
of nodular callus (0.62 %) as did 2,4-D at 0.1 mM (Homung, 1995a,c). Indoleacetic acid 
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(lAA) and indolbutyric acid (IBA) are generally ineffective for callus induction (Blake 
and Eeuwens, 1982). Using immature zygotic embryos and excised plumules picloram 
yielded similar proportions in formation of callus (i.e. 20 and 55%, respectively) to 
2,4-D at concentrations of 0.4 and 0.5 mM. Root and shoot formation was induced by 
NAA at these concentrations, although this plant growth regulator was able to forni 
callus in low proportion at higher concentrations (5 mM). A diminished formation of 
callus was observed with 2,4,5-T and fluroxypyr acid while IBA, lAA, and 
2-naphthoxyacetic acid (NOA) had no positive effects on callus production 
(Karunaratne and Periyapperuma, 1989; Homung, 1995a,b,c). Surprisingly, 
lAA-conjugates have been used successfully to induce callus in immature zygotic 
embryos (Bhalla-Sarin et ai, 1986). NAA and lAA promoted direct embryogenesis on 
leaf explant in presence of a specific Mg:K ratio (Raju et al., 1984) whilst 
2,4,5-trichlorophenoxypropionic acid (TCPP) induced nodular callus (Pannetier and 
Buffard-Morel, 1982). 
As well as providing the highest rates of callus formation, 2,4-D is one of few auxins 
capable of promoting formation of somatic embryos which can develop into plants. 
Consequently, a number of studies have been undertaken to optimise the concentration 
of this auxin in the culture medium, especially for callus inducdon. Coconut explants 
were differentially sensitive to 2,4-D, requiring high concentration for stem sections, 
immature zygodc embryos and excised plumules (0.4 mM; Homung, 1995a,c; Chan et 
al., 1997) whereas immature inflorescences, endosperm cells and juvenile leaves were 
able to produce callus at low concentrations (0.1-0.2 mM; Gupta et al., 1984; Buffard-
Morel et al., 1992; Verdeil et al., 1994; Homung, 1995a). 
The developmental stage was an important factor in the rate of callus formation in the 
various explants, the best performance being in those explants with a considerable 
degree of de-differentiation. Immature inflorescences at the developmental stages of - 7 
and - 8 yield the highest percentages of callus (Branton and Blake, 1983; Verdeil et al., 
1994; Homung, 1995a); immature zygotic embryos seemed to perform best when they 
were 6-7 months old (Karunaratne and Periyapperuma, 1989; Fernando and Gamage, 
2000). Older or younger explants died due to browning presumably as result of 
oxidation of polyphenolic compounds and/or a failure to respond to culture conditions. 
While these concentrations may appear high, the availability of 2,4-D and other plant 
regulators in the medium decreased drastically in presence of commonly employed 
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concentrations of activated charcoal (2.5 g/1), with only 1.5 to 2.0% being in free 
solution after 20 days of incubation (Ebert and Taylor, 1990; Ebert et al, 1993). 
In general, high variability of response of the explants to 2,4-D is observed during callus 
induction and cannot be entirely explained by the effects of the genotype and 
physiological stage of the explants. Many studies have postulated that activated charcoal 
added to the culture medium introduces unpredictable responses because the great 
variation in its adsorptive properties (of 2,4-D) and its modification of the structural 
integrity of other medium components such as sucrose (Ball, 1953; Druart and De Wulf, 
1993). High variability in the size of particles between the batches of activated charcoal 
and their different origins and ages has been shown to be responsible of such variability 
in absorption (Homung, 1995c, 1998). Recently, some research teams have been able to 
produce callus and somatic embryos from immature zygodc embryos without the 
addition of activated charcoal in the culture medium. However, the rates of plant 
regeneration remained very low (10 %) suggesting that uptake and metabolism of 2,4-D 
and other plant regulators play the major role in plant embryo genesis as shown in other 
species (Van der Zaal et al, 1991; Dodeman et al., 1997; Morita et al., 1999). 
4.1.2. Effect of 2,4-D on plant regeneration and tissue habituation. 
Besides inducing the formation of callus, 2,4-D is the key plant regulator which 
promotes embryogenic competence of coconut cells during induction of embryogenesis 
and, subsequently, the formation of bipolar structures, embryonic structures or 
proembryos, which eventually develop into somatic embryos and plantlets (Blake, 1995, 
Homung, 1995c). Reduced intracellular quantities of 2,4-D are required for obtaining 
somatic embryos with cauline and root pole. A drastic drop in the concentration of 
2,4-D in the culture medium is a possible cause an imbalance of this auxin with other 
plant hormones leading to incomplete or deviated forms of plantlets, such as haustorial 
tissue, fused embryos, root, shoots, etc. (Buffard-Morel et al., 1995). 
Because of the importance of 2,4-D in somatic embryogenesis in coconut and higher 
plants, in general, many studies have been undertaken to understand its mechanism. 
Recently, it was demonstrated that the auxin polar transport, particularly the activity of 
the auxin efflux carrier, is essential for initiation of polar growth and the establishment 
of bilateral symmetry to enable the development of globular somatic embryos (with 
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axial symmetry) to their cotyledon stage (Liu et al, 1993; Okada et al., 1993; Imhoff et 
al., 2000). The initiation of polar growth is originally a result of cell polarisation which 
is established by transcellular electrical currents and intracellular auxin gradient (Fry 
and Wangermann, 1976; Greenwood and Goldsmith, 1970; Raven, 1975; Mina and 
Goldsworthy, 1991). In tobacco cell cultures, both electrical currents and cell 
polarisation seem to be associated with the polar transport of auxin and a very high 
content of 2,4-D (i.e. a concentration which suppresses differentiation) reduced 
drastically the proportion of polarised cells (Mina and Goldsworthy, 1991; Goldsworthy 
and Mina, 1991). Some workers have also demonstrated that an elevated content of 2,4-
D is intimately related with the prevention of auxin gradient inside the cell for following 
polarisation (Cooke et al., 1993). 
In addition to its role as auxin in the polar transport affecting embryogenesis, 2,4-D has 
additional mechanisms. Some studies showed that 2,4-D stimulates higher quantities of 
lAA in embryogenic callus (i.e. free and conjugated with amino acids and sugars) to 
induce cell competence than it does in non-embryogenic callus, although higher 
de-conjugation rates of lAA amino acid conjugates in embryogenic callus may play an 
important role (Michalczuk et ah, 1992). So far, it not clear how 2,4-D increases 
endogenous content of lAA, but studies with labelled lAA and its precursors suggested 
that increased synthesis of lAA via the non-tryptophan pathway may be responsible 
(Michalzuk et al., 1992 and Ribnicky et al., 1996). 
The requirement of reduced quantities of 2,4-D for induction of somatic embryogencsis, 
however, may be questioned since the depletion of this auxin in tobacco cells has been 
shown to be responsible for the promotion of the formation of amyioplasts and the 
accumulation of starch, which are important for this process (Sakai et al., 1996). It 
seems that some species require low quantities of 2,4-D to induce the formation ol 
somatic embryos whereas others do so in its absence (Morita et al., 1999). 
In spite of the efforts of coconut research for more than three decades, the formation of 
somatic embryos and, subsequently, plantlets is still very unpredictable and occurs at a 
low rate. The elevated accumulation of 2,4-D in coconut tissue during callus initiation 
and proliferation is hypothesised to be responsible for the induction of callus 
habituation, which finally results in recalcitrance to plant regeneration as reported in 
other plant species (Stuart and McCall, 1992; Cooke et al., 1993). 
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Callus becomes habituated when it acquires the capability to grow in the absence of 
added auxin and cytokinin (Evans et al, 1981; Du Plessis et al., 1996; Lambe et 
a/.,1997). In most cases (but not always) the process of habituation is reversible and 
thus habituated cells keep their totipotency which enables them to regenerate roots, 
buds, or somatic embryos. Habituation is consequently considered as an epigenetic 
phenomenon strongly influenced by the physiological state of the cells, especially by 
their hormonal balance. Drastic metabolic changes in plant retardants for example 
ethylene, and metabolism of polyamines such as putrescine, speirnidine and spermine 
are characteristics of habituated callus (Du Plessis et al., 1996). Changes in fatty acid 
and lipid composition are involved in the callus habituation process in some plant 
species, for example sugar beet (Beta vulgaris L.). Increased contents of A^-sterols and 
total non-esterified fatty acids accompanied by a reduction of polyunsaturated acids 
were found in habituated callus. Because the sterols were considered to be badly 
integrated into the cell membrane, the high content of this complex lipid may cause a 
negative effect on membrane permeability (Haughan et al., 1988; Arbillot et al., 1991 
and Schmitt et al., 1994; Suardi et al., 1994). 
Habituated callus may also be the result of the process of DNA methylation which is 
greatly enhanced by the presence of auxin in the medium (Brown, 1989). It has been 
demonstrated that the activity of de novo methyl transferase and the content of 
5-methylcytosine both increase with increasing concentrations of auxins, the length of 
culture and type of auxin. In carrot {Daucus carota) cultures, the content of 
5-methylcytosine in callus cultured in 22.6 2,4-D was 15% higher than thai 
determined in callus cultured in 2.26 fiM 2,4-D. Considering the period of culture, 
callus culture in the same concentration of 2,4-D (22.6 /aM) increased its content of 
5-methylcytosine from 45% after 5 days to 75% after 22 days. Higher 5-methylcytosinc 
contents were observed in the presence of 2,4-D than in the presence of NAA or lAA 
(LoSchiavo et al., 1989). 
The elevated accumulation of 2,4-D conjugates derived from long-term exposure of 
plant tissues to this auxin has also been associated to limited rates of regeneration, 
although not precisely to habituation. Studying 2,4-D metabolism, soybean cells 
conjugated a high percentage of 2,4-D to amino acids whereas carrot cells contained 
primarily free 2,4-D. After long-term exposure to 2,4-D, carrot cells released much 
more 2,4-D upon transfer to 2,4-D free (embryogenic) medium than did soybean cells. 
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The release of 2,4-D from cells was shown to be primarily due to a loss of free 2,4-D 
and not to amino acid conjugates. Because no impairment of 2,4-D efflux was found in 
short-term exposure to radiolabelled 2,4-D, it was concluded that retention of 2,4-D in 
soybean cell was due to conjugation. It seems that the greater formation of conjugates 
and, subsequently, higher retention of 2,4-D conjugates in soybean cells reduced their 
regeneration capability (Montague et ai, 1981). Similar results were found in maize 
when embryogenic and non-embryogenic callus were compared. Higher levels of free 
2,4-D in embryogenic callus (70%), together with the high metabolisation of 2,4-D in 
non-embryogenic callus into conjugation with sugars and amino acids (63%) caused 
differences in the subsequent formation of somatic embryos (Bronsema et al, 1996). 
4.1.3. The metabolism of 2,4-D in plants and its mechanism of transport. 
4.1.3.1. Molecular components of 2,4-D conferring auxin activity and mechanism of 
transport. 
At present many naturally occurring auxins, including lAA and IBA, have been 
identified in plants while others have been chemically synthesised such as 2,4-D 
(Salisbury and Ross, 1992). All active auxins appear to possess a free carboxyl group, 
which suggest that a negatively charged group is essential for activity, although other 
common chemical characteristics are less obvious (Barenwald et al., 1993; 1994; 
Imhoff et al., 2000). It seems that the carboxyl group is required to confer the capability 
to the 2,4-D, like other auxins and auxin inhibitors, to bind a specific site of the 
receptor of the influx auxin carrier with the oxygen atoms being out of plane of the 
aromatic ring, possibly in a plane perpendicular to the rest of the molecule (Imhoff et 
al., 2000). 
The hydrogens on the a-carbon are essential for high auxin activity. Replacement of the 
two a-hydrogens of 2,4-D with fluorines caused a greatly reduction (Loos, 1975) whilst 
the substitution of the a-hydrogen by a methyl group affected the auxin activity of 
2,4-D depending on the position of the added methyl group. This is because the addition 
of methyl groups to the a-carbon can leave an asymmetric carbon atom adjacent to the 
phenoxy oxygen resulting in an optically active compound. To study the effcct of 
enatiomers of derivatives of 2,4-D and 2,4,5-T, side chain branching phenoxy acids 
were synthesised. Results showed that (+) enantiomers (i.e. dextrorotatory rotation after 
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light polarisation) and racemic mixtures of the compounds were active for alfalfa 
embryo induction, whereas the (-) enantiomers (i.e. laevorotatory rotation after light 
polarisation) were inactive and apparently did not inhibit embryogenesis in any way 
(Stuart and McCall, 1991, Cobb, 1992; Imhoff er a/., 2000). 
The effect of replacing (i.e. by sulphur or nitrogen) or eliminating the ether oxygen of 
2,4-D as well as the presence and position of its halogens has been studied. The 
derivatives of 2,4-D had less auxin activity and different selectivity, particular on the 
growth response of the tissue explants. The changes of auxin activity of 2,4-D were 
explained based on the hypothetical structure of the catalytic transport unit of the influx 
auxin carrier, which was suggested to accommodate completely the auxinic active 
pyrene-1-acetic acid (Loos, 1975; Imhoff et al, 2000). 
Although auxin uptake is partially due to the diffusion process (Shvetson and Gamburg, 
1980; Koens et al., 1995), the major driving force of auxin movement in plant cells is 
through the polar transport which is explained based on the action of influx and efflux 
auxin-carrier mediated by a "facilitated diffusion" explained by the chemiosmotic 
hypothesis (Minocha and Nissen, 1985; Sabater and Rubery, 1987; Rubery, 1987). This 
model indicates that cells use plasma membrane ATPases to pump from the cytosol 
into cell walls by using energy from ATP (Raven, 1975). The lower pH of cell walls 
(about 5) keeps the carbonyl group of the auxin less dissociated than in the cytosol, 
where the pH is higher (7 to 7.5). Beside of diffusion, n on-charged auxins then move 
from the wall to the cytosol by cotransport with and/or sucrose (Harms el al, 1994). 
Recently, it has been demonstrated by using phytotropins and Arahidopsis mutants 
(i.e. Aux 1 which encodes a protein component of influx auxin carrier) that auxin 
cotransport may involve the influx and efflux auxin carriers, two proteinaceous entities 
which are associated with phosporylated proteins (Ludwing-MUller et al., 1995; 
Delbarre et al., 1998; Delame et al., 1999; Marchant et al., 1999; Imhoff el al. 2000). 
Inside the cytosol the higher pH causes the auxin's carboxyl group to dissociate and 
attain a negative charge. Thus, the auxin may then be accumulated in the cell by this 
anion-trapping mechanism (Delbarre et al., 1994). As the concentration of the charged 
auxin builds up in the cytosol, its outward movement is more favoured 
thermodynamically. However, polar transport through an organ requires that the auxin 
moves out only from the basal end of the cell opposite to that which it entered. This 
preferential exit at the basal end assumes that efflux carriers in that region of the 
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membrane transports charged auxins out toward the cell walls, where the low pH again 
causes most of them to become non-charged (Delbare et al, 1998; Salisbury and Ross, 
1992). To transport the charged auxins to the basal end the cells must be polarised so 
that they absorb in one end and secrete at the other. Accumulation of certain abundant 
flavonoids in plant cells (i.e. quercetin, apigenin, and kaempferol), which are powerful 
inhibitors of basal transport that causes auxin efflux from cells, may be agents for cell 
polarization (Jacobs and Rubery, 1988; Salisbury and Ross, 1992). 
The final intracellular concentration of auxin depends on many factors. The mechanism 
of auxin uptake involves the participation of diffusion of free molecules and the active 
or polar transport which are regulated by putative membrane receptors (Delbaire et al., 
1994). Diffusion is mainly driven by the pH gradient and electrical membrane potential 
while polar transport is influenced by the availability of energy as ATP to be used by 
the influx and efflux auxin-carriers to compensate the differences between the pH and 
electrical gradients in the interior from exterior of the cell (Delbarre et al., 1996; Imhoff 
et al. 2000). However, both mechanisms of auxin movement are ultimately controlled 
by the auxin cell metabolism which dictates the proportions of free auxin and its 
metabolites as well as their subsequent sequestration and distribution in cellular 
compartments according with their chemical nature. Small basic compartments such as 
cytosol and cloroplast accumulate auxin anions whereas large acidic compartments such 
as vacuoles accrue auxin cations in low concentration (Delbarre et al., 1994). 
4.1.3.2. Metabolism of2,4-D in plants. 
The metabolism of 2,4-D exhibits a diverse pattern across species and may involve 
cleavage of the side chain, extension of the side chain, decarboxylation, ring opening, 
hydroxylation of the aromatic ring and formation of conjugates mainly with 
carbohydrates, amino acids and peptides (Figure 37; Wilcox et al., 1963; Sigworth, 
1964; Cole, 1983; Dodge, 1983; Roberts, 1998). Metabolites vary in phytotoxicity but, 
generally, hydroxylation with the subsequent formation of phenolic glucosides may be 
regarded as a mechanism of detoxication, whereas ester and amide conjugates may 
hydrolyse, after transport to other sites, yielding the parent and thus retain auxin activity 
(Cole, 1983). 
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Figure 37. Metabolism of 2,4-D in plants (Adapted from Cole, 1983). 
Many factors affect metabolism studies with plant tissue culture. The method of 
culturing the cells (e.g. whether suspension or callus tissue cultures are employed), age 
of the culture, concentration of the auxin, plant variety selection, and source of plant 
part for culture (roots, stems, cotyledons, leaves, etc) can all affect the metabolism of 
2,4-D (Davidonis et al., 1980; Ceccarelli et al, 2000). 
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a) Side chain degradation. 
Degradation of the side chain of 2,4-D has been observed in many plants but it appears 
to play a major role in auxin breakdown in only few species or varieties (Hamilton et 
al., 1971). Such plants include the red currant {Ribes sativum Syme), certain varieties of 
apple {Mains sylvestris Mill.), the strawberry {Fragaria sp.) and garden lilac {Syringa 
vulgaris L.). Excised leaves or leafy shoots of these plants released 7-33% of the 
label from [1-''^C]2,4-D as in 20-24 h. In experiments lasting several days, up to 
50% of the [1-''^C]2,4-D label and up to 20% of the [''^C-2]2,4-D label were released as 
''^ COi by red currant and strawberry leaves (Luckwill and Lloyd-Jones, 1960a,b). Using 
strawberry leaves and ring labelled 2,4-D, it was determined that 65% of the 2,4-D was 
broken down in the oxygen ether bond but the amount of glycolic acid converted to CO2 
was not determined (Chkanikov et al., 1976). 
Different mechanisms have been suggested for degradation of the side chain of 
phenoxyacetic acids in plants; however, the precise nature of the reaction involved is 
not fully understood (Laurent et al., 2000). Evidence showed that the 2,4-D side chain is 
liberated in the red currant and tick bean as glyoxylic acid or a similar two-carbon 
compound. The derived dichlorophenols (i.e. 2,4-dichlorophenol and 
2,5-dichlorophenol) can undergo either ring opening to form chloromuconic acids and, 
subsequently metabolise to yield monochloroacetic acid (Hamilton et al., 1971; Roberts, 
1998) or form glycosides (Chkanikov et al., 1976). Recently plants, such as cotton 
{Gossypium hirsutum), tobacco and many grasses, transformed by the bacterial gene 
tdfA are able to degrade 2,4-D to 2,4-dichlorophenol (Laemmli et al., 2000). Since this 
gene encodes a dioxygenase it is likely that the degradation of 2,4-D is through the 
breakdown of the ether oxygen bond of the molecule of this auxin (Laurent et al., 2000). 
Side chain degradation can be prevented by methylation of the a-carbon (Wain and 
Smith, 1976). 
Stepwise removal of the 2,4-D side chain would involve the formation of an 
intermediate containing only one of the carbons of the original side chain. Luckwill and 
Lloyd-Jones (1960a,b) obtained evidence that such an intermediate was formed in 
2,4-D-treated red currant and strawberry leaves but they were unable to extract it from 
the leaf residue for identification. They suggested that it might be a bound form of 
2,4-dichloroanisole, which would be formed by the decarboxylation of 2,4-D. 
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Weintraub et al.{l952) reported that '^C released from [1-'^C]2,4-D and [2-'^C]2,4-D in 
the bean was incorporated into plant acids, sugars, dextrins, starch, pectin, protein and 
cell-wall substances. It is not known whether the was released from the 2,4-D chain 
as and incorporated into the cell components by CO2 fixation, or whether a 
radioactive metabolite (i.e. glyoxylic acid) was directly incorporated into cell material. 
b) Side-chain lengthening. 
Analysis of plant tissue extracts by gas-chromatography accompanied by mass 
spectroscopy by Linscott and co-workers (1968, 1970) demonstrated that alfalfa 
{Medicago sativa L.) lengthened the 2,4-D side chain by two carbon units to yield 
2,4-DB and 6-(2,4-dichlorophenoxy)hexanoic acid (2,4-D). As well as the latter 
metabolite, an analogue of 2,4-D with longer aliphatic side chain 
(10-(2,4-dichlorophenoxy)decanoic acid) was synthesised when alfalfa plants were 
initially treated with 2,4-DB (Linscott and Hagin, 1970; Wathana and Corbin, 1972). 
The mechanism of side chain lengthening of 2,4-D is not completely clear yet but many 
authors (Gutenmann and Lisk, 1964; Linscott, 1964; Linscott et aL, 1968; Stuart and 
McCall, 1992; Hayashi et al, 1998) suggested it follows a similar route to fatty acid 
synthesis (SIabas and Fawcett, 1992; Harwood, 1996; Ohlrogge and Jaworski, 1997): 
CoA in the presence of adenosine triphosphate (ATP) reacts with 2,4-D to form the 
thioester, dichlorophenoxy acetyl CoA (2,4-D-S-CoA), by the action of a acyl-CoA 
synthetase activating 2.4-D for side chain elongation. Subsequently, 2,4-D-S-CoA 
condenses with a malonyl group (from malonyl-ACP) and follows the standard reaction 
steps catalysed by fatty acid synthetase producing 2,4-DB. The latter compound can be 
extended by 2-carbon units by successive cycles of the malonate pathway until the 
reaction is prevented by the action of an acyl-ACP thioesterase. 
Resistant bromegrass {Bromus inennis Leyss), timothy {Phleum pratense L.) and 
orchardgrass (Dactylus glomerata L.) lengthened the side chain of 2,4-D by a single 
carbon to yield 3-(2,4-dichlorophenoxy)propionic acid (Hagin et al., J 970). The 
mechanism of 3-(2,4-dichlorophenoxy)propionic [3-(2,4-DP)] acid production could not 
be explained. Since homologues with long side chains were not found in the grasses, the 
formation of 3-(2,4-DP) from an initial a-oxidation of long chain even numbered 
carbon acids, followed by a series of ^-oxidations that eventually results in propionic 
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acid can not be considered. It has been suggested that propionate may be produced 
directly from acetate and the propionate may also serve as a chain initiator in wax 
biosynthesis. However, there is no evidence of the formation of propionate from acetate 
in plants. 
Experiments to induce somatic embryos of alfalfa (Medicago sativa), celery (Apiwn 
graveolens), and lettuce (Lactuca sativa) compared a series of straight chain extensions 
of 2,4-D. Both 2,4-D and 2,4-DB were active but 2,4-DB could only produce a third of 
somatic embryos yielded by tissue cultured in the presence of 2,4-D. However, the 
proportion of somatic embryo conversion to plants was improved by 2,4-DB. The 
analogs containing 3 and 5 carbon in the side chain [i.e. 3-(2,4-dichlorophenoxy) 
propanoic acid and 5-(2,4-dichlorophenoxy)pentanoic acid] were completely inactive 
(Stuart and McCall, 1992). 
There has been evidence of incorporation of elongated forms of 2,4-D, particularly 
2,4-DB, into di- and tri-acylglycerol by isolated protoplast from sunflower cotyledons, 
endosperm from castor oil seeds or mesocaip of the avocado fruit. In animals, the 
synthesis of these TG analogues involved the catalytic activity of acyltransferase 
enzymes such as monoacylglycerol acyltransferase, diacylglycerol acyltransferase and 
lyphospholipid acyltransferase and an activated acyl-donor substrate, usually played by 
the appropriate acyl-CoA (Dodds, 1991, 1995). It is likely that some plant 
acyltransferases were able to incorporate the elongated forms of 2,4-D into TAG in the 
protoplast of above plant species whilst the activation of 2,4-D analogues may have 
been carried out by the group of enzymes of acyl-CoA synthetase with, probably, 
different specificity for the chain length. 
c) Ring hydroxylation. 
Ring hydroxylation is an initial mode of attack on highly lipophilic compounds; it 
serves to increase water solubility, with the production of phenols and alcohols, and 
provides an opportunity for conjugation via glycosidic bond formation with sugars and 
peptides (Chkanikov et al. 1982; Cole, 1983). This mechanism is common in the 
graminous species whereas in legumes it seems to be relatively rare. The products of 
hydroxylation (i.e. 4-hydroxy-2,5-dichlorophenoxyacetic and 4-hydroxy-2,3-
dichlorophenoxyacetic acids) failed the auxin activity tests (Hamilton et al., 1971). The 
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conjugates of glucose and amino acids of the hydroxy metabohtes may also be 
considered as products of detoxification of the auxin (Bristol et al. 1977; Nazarova et 
aL,1980X 
The 4-hydroxyIation of 2,4-D in the bean and many other plants was accompanied by a 
chloride shift from the 4 to the 5 or 3 position. These reactions are examples of 
hydroxylation-induced intramolecular migration, or the "NIH shift" which is now 
recognised as a general mechanism of aromatic metabolism (Guroff et al., 1967; 
Nazarova et al., 1980; Coob, 1992). Hydroxylation of 2,4-D involving the NIH shift 
also occurred in soybean (Hamilton et al, 1971; Feung et al., 1972, 1973a,b), wheat, 
barley and oats (Hamilton et al, 1971; Scheel and SandeiTnann, 1981a,b), maize, 
bluegrass (Poa pratensis) (Montgomery et al., 1971), wild oat {Avena fatua L.), wild 
buckwheat {Polygonum convolvulus L.), leafy spurge {Euphorbia esula L.), yellow 
foxtail {Setaria glauca (L.) Beauv.)(Fleeker and Steen, 1971). 
Quantitative differences may also exist in the metabolism of 2,4-D by plants and their 
derivative callus culture (Barenwald et al., 1993; 1994). Soybean callus metabolised 
2,4-D more rapidly than plants, but plants produced relatively higher proportion of 
hydroxylated derivatives (Feung et al., 1978). Variation in the proportion of metabolites 
may also occur with time. In bean and maize, hydroxylated derivatives were initially 
dominant metabolites, but the production of 2,4-D conjugates increased with time 
(Montgomery et al., 1971). Conversely, in soybean callus tissue, the content of phenolic 
glucosides increased with time relative to the content of amino acid conjugates (Feung 
et al., 1972). In cucumber, a plant which metabolises 2,4-D rapidly, 2,4-D-glucoside 
was the initial major metabolite, which declined after 3 h and was concurrent with an 
increase in the level of hydroxylated derivatives. 
d) Conjugation with plant constituents. 
Plant metabolism follows many pathways to modify the activity of 2,4-D by 
conjugation with cellular constituents. Derivatives of 2,4-D with no hydroxy group may 
undergo esterification with glucose and peptides (Chkanikov et al. 1976, 1982) while 
ring hydroxylated 2,4-D undergoes giycosylation (i.e. formation of an ether bond 
between the -OH from the aromatic ring from 2,4-D and -OH from the glucose; 
Barenwald et al., 1993, 1994). Klambt (1961) and Barenwald et al. (1993, 1994) 
186 
reported the formation of glucose ester of 2,4-D in wheat, barley, tomato and soybean 
cell suspension cultures while Thomas et al., (1964) reported that oats converted 2,4-D, 
4-chloro- and 2,6-dichlorophenoxyacetic acid to their P-D-glucose esters. 
Since the carboxyl group of 2,4-D is essential for auxin activity, it has been postulated 
that ester and amide conjugation may decrease or inhibit the activity of this synthetic 
auxin. Furthermore, the addition of the sugar molecule to the carboxyl group of 2,4-D 
during conjugation increases the hydrophilicity of the molecule promoting changes of 
its compartmentation in the cell and departure of the auxin from the sphere of 
metabolism (Chkanikov et al. 1982). 
Amino acid conjugates of 2,4-D may encounter similar situation to ester conjugates but 
the splitting of the amide bonds is at much slower rate and, consequently, their auxin 
activity is less pronounced (Wood and Fotaine, 1952; Chkanikov et al. 1982; Cobb, 
1992). However, studies with soybean callus suggested that amino acid conjugates of 
2,4-D, such as with 2,4-D-glutamic acid, possess stimulatory activity by themselves and 
can be metabolised to other amino acid conjugates (i.e. 2,4-D-aspartic acid), 
hydroxydichlorophenoxyacetic acids (i.e.4-hydroxy-2,5-dichlorophenoxyacetic acid and 
4-hydroxy-2,5-dichlorophenoxyacetic acid) and 2,4-D (Feung et al., 1973a,b). In these 
cases, hydrolysis of the conjugates into 2,4-D could not entirely be ruled out. 
The most commonly detected sugar in synthetic auxin conjugate formation is glucose 
(Barenwald et al., 1993, 1994). Glucoside biosynthesis requires the glucose to be 
supplied as a derivative with the release of energy upon hydrolysis. Most commonly 
uridine diphosphate glucose (UDPG) is the sugar donor which itself is formed using 
energy from the hydrolysis of glucose-1-phosphate and uridine triphosphate: 
UTP -t- glucose <=> UDPG + PPi 
Other nucleotide sugars [i.e. cytidine diphosphate glucose (CDPG), guanosine 
diphosphate glucose (GDPG), thymidine diphosphate glucose (TDPG)] arc also found 
in plants and may be involved. The majority of studies of cell-free glucosyl transferase 
systems have used UDPG as a precursor (Davis et al., 1991).The glucosyl transferase is 
very specific to UDPG. Glucose ester as well as glucosides are formed via UDPG. 
Although glucose is the most common, a variety of other sugars are found in 
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endogenous glycosides of plants, for example rhamnose. More common, are the simple 
glucosides or the conjugates where the saccharide chain is build up from a number of 
successive glucosylations from UDPG. Predominance of glucose in auxin glucosides 
formation in plants referred to earlier may well reflect the availability of pre-existing 
UDPG within the cell. More likely perhaps is that the majority of glycosyl transferase 
enzymes are specific for UDPG although it appears that enzymes involved in the 
transfer of a second sugar to the monosaccharide conjugate will often use other sugars. 
In tomato, the biosynthesis of mono and polysaccharides of glucose conjugate with 
2,4-D derivatives is the major pathway (Schneider et al, 1984). Contrary to the 
expected, cereals formed higher quantities of ester or glycosidic conjugates of 2,4-D 
with disaccharide (cellobiose) and high molecular-weight polysaccharides of glucose 
(280-300 molecules) than simple conjugates of 2,4-D with glucose, although conjugates 
with deoxyhexose were also abundant (Nazarova et al., 1980; Chkanikov et al. 1976; 
1982). It is important to bear in mind that all sugar conjugates are potential substrates 
for glucosidase enzymes and that a dynamic equilibrium exists between hydrolysis and 
glycosylation. In addition subcellular compartmentilisation of enzymes and substrates 
may play a vital role in the balance. It is possible that the administration of the 
xenobiotic compound can trigger the induction of the appropriate enzyme synthesis 
(Edwards et al., 1982). 
Aspartic acid combined with 2,4-D to form 2,4-dichlorophenoxyacetyl-aspartic acid in 
wheat (Klambt , 1961; Chkanikov et al. 1976), peas (Andreae and Good, 1957; 
Robertson and Kirkwood, 1972), red and black currant (Luckwill and Lloyd-Jones, 
1960a) and cucumber (Slife et al., 1962). Soybean callus tissue metabolised 2,4-D to the 
N"-(2,4-dichlorophenoxyacetyl) derivatives of glutamic and aspartic acids, alanine, 
valine, leucine, phenylalanine and tryptophan (Feung et al., 1972; Chkanikov et al. 
1976). In soybean callus 2,4-D-amino acid conjugates have been shown to posses auxin 
activity (Feung et al., 1978), supporting callus growth and stimulating the elongation of 
coleoptiles of oat (Feung et al., 1972). Although it is difficult unequivocally to be 
certain that this activity does not arise the enzymatic hydrolysis of the conjugates to free 
2,4-D (Montague, 1981). 
Amino acid conjugation occurs with the formation of an amide bond. The first step of 
the reaction occurs with the interaction of the aromatic carboxylic acid with CoA to 
form an acyl-CoA thioester (reaction a). This appears to be catalysed by medium chain 
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acyl-CoA synthetase using energy from ATP (Mahler et al, 1953; Feung et al, 1973). 
Conjugation of the activated xenobiotic with the amino acid takes place in the second 
step (reaction b) and is catalysed by an acyl-CoA:amino acid N-acyltransferase 
(e.g. glycine A^-acyltransferase). The medium-chain acyl-CoA synthetase (butyryl-CoA 
synthetase; medium-chain fatty acid:CoA ligase) is involved in (3-oxidation or 
acyltransferase reactions with medium chain fatty acids such as lauric acid. This 
enzyme showed broad substrate specificity, being active with a variety of aliphatic (C4-
C12; C7 optimal) and aromatic carboxylic acids (including benzoic acid, phenylacetic 
acid and 2,4-D). In amino acid conjugation, it is the xenobiotic rather than the 
endogenous conjugating moiety which is activated prior to the tranferase action (Huckle 
and Mi 11 bum, 1982). 
Mgr" 
RCOOH + CoASH + ATP > RCOSCoA + AMP +PP, 
(a) 
RCOOSCoA + H 2 N C H 2 C O O H > R C O N H C H 2 C O O H + CoASH 
(b) 
Mixtures of carbohydrates with peptides are also possible in 2,4-D conjugation, 
particularly when 4-hydroxy-dichlorophenoxyacetic acids are synthesised as a step of 
conjugation. In cereals, glucose free or forming di- and poly-saccharides blocks the 
hydroxyl group and the peptide formed by 2-12 amino acids blocks the carboxyl group 
(Chkanikov et al. 1982). In cereals, esters or glycosides amino acid conjugates of 2,4-D 
had from 2 to 220 molecules of amino acids, including the dominant amino acids 
aspartic and glutamic acids, lysine, a-alanine, and valine, while glycine, serine. 
Isoleucine and tyrosine were also present (Nazarova et al., 1980). Either 2,4-D or 
4-hydroxy-dichlorophenoxyacetic acids enter into the reaction with free amino acids 
entailing gradual lengthening of the chain, or else react directly with iow-molecular-
weight peptides. The conjugation of 2,4-D with amino acids has been shown to be a 
general reaction of many callus tissues derived from maize, tobacco, jack-beans, carrot 
and sunflower (Feung et al., 1973). It has been postulated that proteins or lipoproteins 
can adsorb 2,4-D to inactive this plant growth regulator, particularly when this protein-
2,4-D complex occurs at physiologically inactivate sites such as vacuoles (SchccI and 
Sandermann, 1981a,b). 
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Meagher (1966) has reported evidence of conjugation of 2,4-D to pectic acid in citrus 
peel. A portion of 2,4-D taken up by citrus peel was bound in the acetone-insoluble 
fraction. The auxin was released from this fraction of 2,4-D by prolonged heating. 
Pectic acid isolated from the acetone-insoluble fraction of 2,4-D-treated citrus peel and 
subjected to the same heat treatment, liberated a conjugate of 2,4-D, thus suggesting 
conjugation of at least some of the bound 2,4-D with pectic acid. 
In addition to conjugation of peptides and glucose, weak interaction of 2,4-D and its 
hydroxy derivatives was recorded with organic acids (tartaric, citric and succinic acid 
were identified in the aqueous fraction of the hydrolysate in two samples after acid 
hydrolysis), together with the presence of the process of 2,4-D binding with 
biopolymers (Pantskhava et al, 1991). 
Conjugation of 2,4-D with very stable constituents of plant cell wall was studied by 
Scheel and Sandermann (1981a,b). They isolated a lignin-like fraction from both 
soybean and wheat cells from suspension cultures which yielded 2,4-D as the intact 
molecule after acid hydrolysis. Using various techniques of chromatography and 
spectroscopy, it was determined that 2,4-D was bound covalently to lignin, although its 
physical absorption as a result of the interaction between benzyl rings of lignin and the 
aromatic ring of 2,4-D was also possible. The incorporation of 2,4-D into lignin, 
followed by deposition in the cell wall, is suggested as a general pathway for "local 
excretion" and detoxification by plants. 
d) Ring cleavage. 
A radioactive metabolite in cultivated cucumber treated with ring-labelled 2,4-D was 
identified by thin-layer chromatography using three different solvent systems as 
monocloroacetic acid. The production of this compound indicates cleavage of the 2,4-D 
ring and degradation (Loos, 1975). 
e) P-Oxidation. 
Side-chain lengthening and ^-oxidation are competing process in the metabolism of 
2,4-D in alfalfa. The specific enzymes of (^-oxidation of the (o-phenoxyalkanoic acids 
have not been isolated or characterised but it has been proposed that the aliphatic side 
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chain of phenoxy compounds should response to a similar system as fatty acids (Wain 
and Wightman 1954; Linscott et al., 1968; Hayashi et al, 1998). 
The demonstration of (3-oxidation in co-phenoxyalkanoic acids was firstly carried out 
by Wain's group. In a study of the growth-regulating activities of the homologous series 
of 2,4-dichlorophenoxyalkanoic acids from acetic to octanoic acid, they found that only 
2,4-dichlorophenoxy acids with even number of carbon atoms in the side chain were 
active on tomato. They postulated that only the 2,4-dichorophenoxyacetic acid was 
active per se and that the butyric, hexanoic and octanoic acids owed their activity to 
their ^-oxidation in the plant to the acetic homolog. The acids with an odd number of 
carbon atoms in the side chain would be converted to the half-ester of 
2,4-dichlorophenol with carbonic acid. This compound would decompose to CO2 and 
2,4-dichlorophenol, which is inactive as a growth regulator (Wain and Wightman 1954; 
Fawcett et al., 1954, 1959; Cole, 1983; Cobb, 1992). 
The identification of the metabolite 4-(2,4-dichlorophenoxy)crotonic acid, an 
intermediate in the ^-oxidation pathway, in leaves of soybean {Glycine max (L.) Meir. 
var. Lee), cocklebur {Xanthium sp.) and alfalfa produced additional evidence of 
P-oxidation as metabolic route of 2,4-D analogues (Gutenmann and Lisk, 1964; 
Linscott, 1964; Linscott et al., 1968 and Wathana and Corbin, 1972). 
In spite of the importance of the studies of 2,4-D metabolism on somatic 
embryogenesis, very few reports have been found on coconut. Oropeza and Taylor 
(1994) studied the uptake of 2,4-D by immature inflorescences in liquid medium 
containing 1.5 mM and without activated charcoal in 3-days-incubation period. 
Experimental data showed that 2,4-D uptake involves an active transport (i.e. facilitated 
diffusion) requiring energy to maintain a pH gradient. Energy supplied by the addition 
of sucrose to the culture medium resulted in about four times higher uptake by 
inflorescences compared to those cultured in its absence. Low pH 3.5 in the medium 
increased the uptake of 2,4-D by inflorescences about four times compared with 
medium at pH 6.5, suggesting the diffusion may also play an important role (Oropeza 
and Taylor, 1994). Uptake of 2,4-D was also studied in immature inflorescences but 
using longer periods of culture (Orense, 1996) finding similar result to the previous 
report. 
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A comparative study on the uptake of 2,4-D and sucrose between the coconut, date palm 
and tobacco was carried out recently, but the differential rates of uptake of the plant 
species callus could not be explained because of the lack of data on the metabolism of 
2,4-D in the different species (Lopez-Villalobos, 1997). 
4.1.4. Changes in fatty acid and lipid composition in response to sucrose and 2,4-D 
concentrations during embryogenesis. 
Sucrose and 2,4-D can alter fatty acid and lipid composition in explants producing 
callus and somatic embryos by changing the general growth on the tissues or specific 
proliferation of certain cell types. However, these two compounds may directly affect 
lipid metabolism by shifting the pool of acyl donors available and the activity of 
enzyme desaturases involved fatty acid synthesis (Pandey and Gadgil, 1984; Liu et al., 
1995). The presence of 2,4-D in the culture medium increased both the ratio 18:2 to 
18:1 and 18:3 to 18:2 in zygotic embryo explants during callus initiation. Because the 
changes in the ratios occurred predominantly in phosphatidylcholine (PC), desaturation 
assays with radiolabelled fatty acids suggested that 2,4-D increased PC- and/or other 
phospholipid-mediated desatusation processes, particularly the activity of omega-6-
desaturase and omega-3-desaturase (Liu et al., 1995). In contrast, there was no effect on 
the unsaturation of fatty acids when EBA replaced 2,4-D in the culture medium 
nourishing soybean suspension cultures (Steams and Morton, 1975). 
It seems that the type of auxin can modify different steps of fatty acid synthesis. In 
callus tissue derived from cotyledon segments of Cucumis melo and Cucumis sativus, 
IBA and NAA promoted the synthesis of saturated fatty acids instead of increasing 
desaturation. Furthermore, IBA stimulated the accumulation of myristic acid while 
NAA did the same with palmitic acid (Haider and Gadgil, 1984; Pandley and Gadgil, 
1984). 
Studies on effects of 2,4-D on the synthesis and accumulation of phytosterols, 
phospholipids and other lipid classes associated with the initiation of callus and 
induction and formation of somatic embryos are scarce. In flax [Linum usilatissimum), 
2,4-D increased the total content of sterols in embryogenic calli and the ratio of 
stigmasterol to ^-sitosterol in derived somatic embryos (Cunha and Femandes, 1997). 
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Sucrose can also mediate the fatty acid composition of plant tissue during somatic 
embryogenesis. During maturation of somatic embryos of cocoa {Theobroma cacao), as 
the sucrose increased, there was a shift in the fatty acid composition from 
predominantly polyunsaturated to saturated (18:0) and monounsaturated fatty acids 
(18:1). This change was coupled by a switch from the synthesis of predominantly 
phospholipids and glycolipids which are common membrane constituents, to a greater 
synthesis of storage lipids, in which triacylglycerols predominate. It was suggested that 
sucrose decreased the degree of desaturation by blocking directly or indirectly one or 
more of the steps involved; oxygen availability was the ultimate limiting factor (Pence 
et al, 1981). A contrary tendency was observed in germinating somatic embryos of 
interior spruce {Picea glauca engelmannii complex; Carrier et al., 1997). 
Since 2,4-D and sucrose have been shown to be key factors for somatic embryogenesis 
of coconut, this work studied the effects of changing concentrations of these compounds 
in the culture medium on the process of accumulation and metabolism of 2,4-D 
associating their rates with the degree of de-differentiation and growth of coconut 
plumular and immature inflorescences explants during callus initiation. The effects of 
changing sucrose concentrations in the culture medium on the fatty acid composition of 
plumular explants during callus induction was also investigated to establish a possible 
relationship with the degree of de-differentiation and metabolism of 2,4-D by coconut 
plumular explants. 
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4.2. Materials and methods. 
4.2.1. Materials. 
4.2.1.1. Apparatus, instruments and other materials. 
Materials and routine apparatus Company and specifications 
Analytical balance 
Automatic pipette 
Digital balance 
Centrifuge 
Glass column 
Cryogenic vials 
Dissection needle 
Desiccator 
Filter paper no.l 
Forceps 
Microcentrifuge tubes 
Plastic disposable Pasteur pipette 
Plastic scintillation plastic vials 
pH paper indicator 
Rotory evaporator 
TLC plates reversed phase 
TLC silica gel plates 
TLC silica gel plates with channels 
Stiner-hot plate with stirrer 
Vortex mixer 
Water bath 
Sartorious'*^ precision 0.0001 g 
Gilson'^  capacity 1000 i^l 
Sartorious precision 0.001 g 
Sorvall" Super T21 
Fisher^, Pyrex 3 cm diameter and 63 cm 
length 
Nalge^ capacity 5 ml cat. no. 5000-0050 
Merck^, steeled 10 cm 
Fisher 
Whatman'^ 
Merck, steeled cuved 15 cm lenght 
Treff AG'^, 1.5 ml polypropylen 
Merck, 5 ml 
Meridian^, 22 ml 
Whatman'^ pH from 1-14 
Buchi' 
Whatman cat. no. 4800-820 silica gel 60 
A plates silanized with Cis-bonded 
(12%), thickness 200 |im and size 20 x 
20 cm. 
Merck, layer thickness 250 jim silica gel 
60 F254 and size 20 x 20 cm 
Whatman cat. no. 4866-821, layer 
thickness 250 fxm silica gel 60 A size 20 
X 20 cm 
Ibby^ HB502 
Whirlmixer, Fisons"^ 
Granf^ 
1) Biichi Laboratory techniques Limited, Flawil, Switzerland. 
2) Fisher Scientific UK Limited. Loughborough, Leicestershire, UK. 
3) Fisons Scientific Apparatus, Loughborough, Leicester, UK. 
4) Gilson SA, Viiliers-le-Bel, France 
5) Grant Instruments Limited. Cambridge, UK. 
6) Bibby obtained from Fisher Scientific UK Limited 
7) Merck KGaA, Darmstadt, Germany 
8) Meridian, Surrey, UK 
9) Naige Company, Rochester, NY. USA 
10) Sartorious GMBH, Gottingen, Germany 
11) Sorvall, New Town, Ct., USA 
12) Treff AG Degersheim, Schweiz, Switzerland 
13) Whatman International Limited, Maidstone, Kent, UK 
4.2.1.2. Chemicals. 
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Compound Formula Grade Supplier 
acetic acid CH3COOH analytical (99%) Fisher^ 
activated charcoal acid washed Sigma'^ 
L-alanine C 3 H 7 N O 3 99% Sigma 
L-aspartic acid C4H7NO4 99% Sigma 
bleach 5 % sodium 
hypochlorite 
Brobat^ 
6-bromohexanoic acid Br(CH2)5C02H 98 % Aldrich^ 
8-bromooctanoic acid Br(CH2)7C02H 97% Aldrich 
10-bromodecanoic acid Br(CH2)9C02H 98 % Pfaltz and 
Bauer'' 
12-bromododecanoic acid Br(CH2)nC02H 98 % Aldrich 
16-bromohexadecanoic acid Br(CH2),5C02H 98 % Aldrich 
calcium chloride fused CaClz 99% Fisher 
chloroform-d CDCI3 99.8 atom %D Sigma 
crystal violet C.I. 42555 Raymond A. 
Lamb'^ 
cupric sulphate CUSO45H2O analytical 99.5 % BDH^ 
dichloromethane CH2CI2 99% BDH 
2,4-dichlorophenol CI2C6H3OH 99% Aldrich 
2,4-dichlorophenoxyacetic acid CgHoClzOs 99% Acros' 
diethyl ether distol Fisher 
dimethylformamide HC0N(CH2)2 99% BDH 
Dimethyl- Jg-sulfoxide ([CDslzSO) 99.9 atom % D Sigma 
DMSO-
erythrosin B (C.I. 45430) BDH 
esterase (from porcine liver) 260 units/mg 
protein 
Sigma 
ethanol HPLC grade BDH 
fast green (michrone no. 135) Edward Gurr 
IAJ 
formaldehyde 38% (w/w) BDH 
(3-glucosidase (from almond) 22 units/mg 
protein 
Sigma 
L-glutamic acid C5H9NO4 99% Sigma 
L-glycine C 2 H 5 N O 2 99% Acros 
hydrochloric acid HCl analytical 
32 % (v/v) 
Fisher 
L-histidine C(,HgN302 99% Sigma 
histoclear Fisher 
isopropanol distol Fisher 
L-leucine C(-,H)3N03 98 % Sigma 
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Compound Formula Grade Supplier 
magnesium sulphate anhydrous MgS04 99% BDH 
MS medium Duchefa*^ 
sodium chloride NaCl analytical BDH 
99% 
petroleum spirit boiling distol Fisher 
fraction 40-60 °C 
L-phenylalanine C9H11NO2 99% Sigma 
orthophosphoric acid H3PO4 analytical BDH 
85% (w/v) 
phytagel Sigma 
protease type XXI from 15 units/mg prot. Sigma 
Streptomyces griseus 
safranin 0 C.I. 50240 BDH 
scintillation cocktail ecolite ICN^ 
silica gel 60 (0.063-0.200mm) Merck'" 
sodium acetate CHsCOONaSHzO analytical BDH 
99% 
sodium hydroxide NaOH analytical Fisher 
98 % 
Sodium hydrogen carbonate NaHCOa 99% BDH 
sodium hydride (60% NaH 60 % (w/w) Aldrich 
dispersion in mineral oil) 
sucrose (from sugar cane) C12H22O11 99% Sigma 
triolein C57H104O6 99% Sigma 
2,3,4,6-tetra-Oacetyl-a-D- CuHigBrOg 98 % Acros 
glucopyranosyl bromide 
tetrahydrofuran CH2(CH2)2CH20 99% BDH 
thionyl chloride S0C12 99% Aldrich 
toluene C6H5CH3 distol Fisher 
L-tryptophan Ci 1H12N2O2 99% Sigma 
L-valine CsHuNOs 98 % Sigma 
1) Acros, Geel, Belgium 
2) Aldrich Chemical Company Inc. Milwaukee, USA 
3) Amersham Life Science, Bucknghamshire, England. 
4) BDH Laboratories Supplies. Poole, England. 
5) Brobat, Jeyes, UK 
6) Duchefa, Haarlem, The Nerthelands 
7) Edward Gurr Limited, London, UK 
8) Fisher Scientific UK Limited. Loughborough, Leicestershire, UK. 
9) ICN, Costa Mesa, USA. 
10) Merck, Darmstadt, Germany. 
11) Pfaltz and Bauer, Waterbury, CT, USA 
12) Raymond A. Lamb Waxes and General Laboratory Supplies, Alperton, Middx. UK 
13) Sigma Chemical Company. Dorset, UK. 
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4.2.1.3. Radiochemicals. 
Compound Formula Specific activity Supplier 
(''^C)-2,4-D (methylene-''^C) CgHgCiiOa 55 mCi/mmol American 
Radiolabeled 
chemical Inc' 
(l-"^C)-tripalmitin CjiHggOe 52 mCi/mmol Amersham^ 
(l-''^C)Caprylic acid 8:0 CgHioOz 60 mCi/mmol ICN^ 
(l-''^C)lauric acid 12:0 C12H24O2 55 mCi/mmol Amersham 
(l-''^C)myristic acid 14:0 C14H28O2 38 mCi/mmol Amersham 
(l-''^C)palmitic acid 16:0 C16H32O2 56 mCi/mmol Amersham 
1) American Radiolabeled Chemical Inc., St. Louis, MO, USA. 
2) Amersham Life Science, Buckinghamshire, England 
3) ICN, Basingtoke, England 
4.2.1.4. Chemical synthesis of 2,4-D metabolites. 
Various metabolites of 2,4-D, including conjugates with amino acids, elongated forms 
and sugar ester derivatives, were chemically synthesised. The methyl ester of 2,4-D was 
also prepared to be used as TLC standard. The chemical structures of the prepared 
compounds were confirmed by nuclear magnetic resonance (NMR) using deuterated 
chloroform or DMSO as a solvent. 
a) Synthesis of 2,4-dichlowphenoxyacetyl derivatives of amino acids. 
The synthesis of 2,4-D amino acid conjugates involved two steps; the synthesis of 
2,4-dichlorophenoxyacetyl chloride and its use in the preparation of 
2,4-dichlorophenoxyacetyl derivatives of L-a-amino acids. 
The 2,4-dichlorophenoxyacetyl chloride was prepared in a manner analogous to that 
described by Freed (1946) by reacting 0.014 mole of 2,4-D (3.094 g) in 10 ml of thionyl 
chloride in a 50 ml round bottom flask. The mixture was refluxed for 60 minutes (until 
HCl stopped being produced from the reaction) using a spiral condenser fitted with a 
trap of water vapour. The water trap contained CaClz, previously dried in the oven lor 3 
hours at 100 °C, as dessicator. The product, 2,4-dichlorophenoxyacelyl chloridc, was 
obtained after cooling the reaction mixture and removing the solvent using a rotory 
evaporator. The acyl chloride was washed three times with 20 ml of dichloromclhanc, 
which was finally removed under vacuum, and had the appearance of a yellow or 
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orange oil which solidified at room temperature. It was essential that all reactants and 
products remained free of water at all times. 
Equation of the reaction 
2,4-D thionyl chloride 
CI 
2,4-dichlorophexyacetyl chloride 
O 
+ HCI + SO, 
The 2,4-dichlorophenoxyacetyl derivatives of L-a-amino acids were prepared using the 
Schotten-Baumann reaction according to the method of Wood and Fontaine (1952). The 
2,4-D amino acid conjugates synthesised were those reported to have effects on plant 
growth (i.e. aspartic acid, glycine, alanine, glutamic acid, valine, leucine, histidine, 
phenylalanine and tryptophan; Feung et al, 1973a,b, 1976). The L-forms of the amino 
acids (0.014 mole) were dissolved in 43 ml of 1 M NaOH (0.043 mole). Acyl 
2,4-D-chloride, dissolved in 15 ml toluene was added drop wise to the resulting solution 
which was stirred and maintained at 5-10 °C (ice-bath). The ice-bath was removed 
about 15 minutes after the addition was complete and the stirring was continued for a 
total period of 3 hours. In the cases of aspartic acid and phenylalanine, heavy emulsions 
or gels formed shortly after the addition of the 2,4-dichlorophenoxyacetyl chloride. For 
the synthesis of these 2,4-D amino acid conjugates only, additional water was added to 
make the reaction mixture less viscous. The reaction mixture was transfened to a 250 
ml separating-funnel and extracted with 100 ml of diethyl ether. After 12 hours the ether 
phase was discarded and the aqueous phase was transferred to a 250 ml round bottom 
flask to be acidified with 2M HCI until acid when tested using a pH paper. The 
derivative, which precipitated immediately as a white solid, was washed three times and 
dried overnight in a desicator. This product was recrystallizased twice from 50 % 
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ethanol (v/v). The yield of the amino acid 2,4-D conjugates was 55-67% of the 
theoretical. 
Equation of reaction 
sodium salt of amino acid 2,4-D acyl chloride 
CI NaOH 
H2N CHg—R—COONa 
2,4-dichlorophenoxyacetyl derivative of L-a-amino acid 
o 
NH CHo—R C 
yO 
+ NaCI + HjO 
^OH 
b) Synthesis of elongated forms of 2,4-D. 
Three 2,4-D metabolites with an elongated carbon side chain were chemically 
synthesised: 6-(2,4-dichlorophenoxy)hexanoic acid, 8-(2,4-dichlorophenoxy)octanoic 
acid, 10-(2,4-dichlorophenoxy)decanoic, 12-(2,4-dichlorophenoxy)dodecanoic and 
16-(2,4-dichlorophenoxy)hexadecanoic acid. The 2,4-D elongated forms were prepared 
in a similar manner to that described by Linscott et al. (1968). 
In a 100 ml round bottom flask containing 50 ml of dimethylformamide, 0.01 mole 
2,4-dichlorophenol (1.66 g), 0.01 mole of 6-bromohexanoic, 8-bromooclanoic, 
10-bromodecanoic, 12-bromododecanoic or 16-bromohexadecanoic acid, and 0.025 
mole K 2 C O 3 were mixed. The reaction mixture was refluxed for 4 hours al 120 °C with 
a continuous rapid stirring using a round bottom flask and spiral condenser fitted with a 
water trap. The reaction mixture was cooled and transferred into a separating-funncl. 
Diethyl ether (100 ml) was added to extract the non-reacting organic compound leaving 
the emulsion overnight for separation. The ether phase was discarded and the aqueous 
solution was transferred into a 200 ml round bottom flask to be acidified with 2 M HCI 
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as measured by pH paper. The acid form of the elongated form of 2,4-D was then 
extracted with diethyl ether. The ether phase was dried in the rotory evaporator and then 
50 ml of a saturated solution of NaCl was added. The product was re-extracted with 
diethyl ether as before. Residual water from the ether solution was removed with 3 g of 
anhydrous magnesium sulphate. Filtration with filter paper (Whatman, no.l) was 
required to remove the magnesium sulphate from the ether solution. The product was 
recrystalised with petroleum spirit (40-60 °C boiling fraction). Further purification of 
the 2,4-D metabolites was carried out by column chromatography. The column had 2.5 
cm diameter and 45 cm length and was made with silica gel. The 2,4-D elongated forms 
were eluted with dichloromethane:petroleum spirit (40-60 °C):diethyl ether (90:10:5). 
Fractions containing product were identified by TLC using the same solvent used for 
elution of the column and, then, pooled. 
Equation of reaction 
2,4-dichlorophenol 
+ K2CO3 
potassium salt of 2,4-dichlorophenol 
OK 
+ CO2 + HgO 
potassium salt of to-bromo-alkanecarboxylic acid elongated form of 2,4-D 
2,4-dichlorophenol 
.0 (CH,)s— 
+ HgCBr (CH,);^  OH + 
KBr 
Where n=number of methylene groups with values 5,7,9,11 and 15 in the 2,4-D derivative 
c) Synthesis of tretacetylglucose ester of 2,4-D. 
The tetracetylglucose ester of 2,4-D was synthesised using the method of Stock (1979). 
Firstly, 10 mmole 2,4-D (2.21 g) was dissolved in 30 ml of acetone, previously dried 
overnight with molecular sieve A4, and 1400 |ll of triethylamine. Afterwards, 10 mmole 
of tetra-acetobromoglucose (4.11 g) was added and the mixture was shaken until all 
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their compounds were dispersed. After 20 hours of stirring at room temperature, a 
precipitate of triethylammoniumhaloginade was formed. After adding 250 ml of ethyl 
acetate, the mixture was dried using the rotory evaporator. During this process more 
bromide was precipitated. Once more, 250 ml of ethyl acetate was added and the 
mixture was filtered using a filter paper (Whatman no.l). To remove the un-reacted 
2,4-D, 250 ml of a solution of 10 % (w/v) of sodium hydrogen carbonate were added 
into the ethyl acetate phase. After separating the two phases in a 750 ml separating-
funnel for 2 hours, the aqueous phase was discarded. The remaining ethyl acetate phase 
was washed with 250 ml of water to remove the alkali that could cause the splitting of 
the ester bound of the glucose derivative of 2,4-D. The ethyl acetate phase was dried 
with MgS04 and subsequently filtered. The purification of the tetracetyl glucose ester of 
2,4-D was carried out by crystallisation from ethanol:water solution (50:50 v/v). 
Equation of reaction 
2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide 2,4-D 
.OAc 
HO, 
+ 
O Br 
AcO 
O" 
H OAc 
triethylamine H 
AcO 
,OAc 
tetra-acetylglucose ester derivative of 2,4-D 
H OAc 
Where Ac= IIjC C 
/ 
c) Synthesis of the methyl ester of 2,4-D. 
The methyl ester of 2,4-D was synthesised by transmethylation using an acid-catalysed 
method (Appleby et al, 1974). 2,4-D (4 mM) was refiuxed in 3 ml in a mixture of 
methanol:toluene:conc. H2SO4 for 30 minutes to yield the methyl ester of 2,4-D. After 
cooling the reaction mixture, an equal volume of water was added. Subsequently, the 
ester was extracted with 4 ml of petroleum spirit (40° -60° b.p.). 
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4.2.1.5. Sources of plant material. 
Immature inflorescences at two developmental stages (-4 and -5 inflorescences) were 
used as explant material to study the effect of sucrose concentrations in the culture 
medium on 2,4-D metabolism. The developmental stages were designated 
conventionally with frond numbers varying from -5 to -11. Numbering of the fronds 
started from the oldest one (i.e. the inflorescences were referred to as +1) and decreased 
as the fronds become progressively more immature (fronds emerge at intervals of 
approximately one month). The material was obtained from the Coconut Industry Board 
of Jamaica and was sent to the UK by plane wrapped with polyethylene bags and tissue 
paper. The coconut ecotype used was Malayan Yellow Dwarf (MYD). 
To study the effect of sucrose and 2,4-D concentrations in the culture medium on 2,4-D 
metabolism, plumular tissue excised from coconut zygotic embryos was used for 
explants. The ecotype of these embryos was the same as immature inflorescences and 
were collected as described in sections 3.2.1.4 and 3.2.2.3. 
4.2.2. Methods. 
4.2.2.1. Experimental design and recording and analysis of data. 
a) Experimental design. 
To study the metabolism of 2,4-D in coconut tissue during callus induction, three 
experiments were established testing various concentrations of sucrose or 2,4-D in the 
culture. Immature inflorescences or plumular tissue were used as explants. As well as 
their effects on 2,4-D metabolism, the effects of sucrose on fatty acid composition of 
plumular tissue were studied in one of the above experiments. 
In the first experiment, three sucrose concentrations (0, 0.116 and 0.232 M) in the 
culture medium were tested on immature coconut inflorescences at two developmental 
stages (-4 and -5) for callus induction. A constant 2,4-D concentration of 0.15 mM was 
used in the culture medium. The explants were transfeired to a fresh culture medium 
after 32 days, dividing the experiment into two subcultures. Explants of the second 
subculture were initially cultured on medium with non-radioactive 2,4-D and then 
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transferred to medium containing radioactive 2,4-D. The variables were measured at 6 
periods of culture. The first 3 incubadon periods (i.e. 7, 21 and 32 days of culture) were 
included in the first subculture whilst the last 3 incubation periods (i.e. 39, 53 and 62 
days) were included in the second subculture. 
When the variables were analysed at each period of culture, the experiment had a 
completely randomised design with a factorial arrangement. The arrangement was 3x2 
for periods of culture that corresponded to the first subculture and 2x2 for periods of 
culture of the second subculture, since the explants growing in medium without sucrose 
died after 32 days of culture. Five replicates were considered in each treatment. When 
the experiment was analysed by subculture, the periods of culture were considered as 
another fixed factor in the above experimental design. 
In the second experiment, the effects of four sucrose concentrations (0, 0.058, 0.116 and 
0.232 M) in the culture medium on the metabolism of 2,4-D and fatty acid composition 
of plumular tissue were studied. A constant 2,4-D concentration of 0.4 mM was used 
in the culture medium. A relatively small concentration (0.0006 mM) of radioactive 
2,4-D was also added to the medium throughout culture. The variables were measured 
after four periods of culture (30, 60 and 90 days). After 120 days of culture, data from 
explants incubated in medium containing sucrose was also recorded but it was not 
included in the stadstical analysis. Like the first experiment, the variables were analysed 
at each period of culture and taking the experiment as a whole resulting a randomised 
design with four treatments and a completely randomised design with a 4x3 factorial 
arrangement, respectively. Each treatment had five replicates at each period of culture. 
Finally, the third experiment studied the effects of four 2,4-D concentrations (0, 0.2, 0.4 
and 0.6 mM) in the culture medium on 2,4-D metabolism of plumular tissue. A constant 
sucrose concentration of 0.116 M was used in the culture medium. The experimental 
design and number of replicates was the same as the second experiment. 
In the experiments using plumular tissue, controls were represented by frozen calli 
incubated in the culture medium containing various sucrose and 2,4-D concentrations. 
Two replicates, constituted by one callus in each culture tube, were established for each 
treatment and period of culture. 
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b) Recording and analysis of data. 
Total fresh weight of the tissue, total content of 2,4-D in tissue and amount of each 
2,4-D metabolite were measured in all experiments after each period of culture as 
detailed in section 4.2.2.1 and 4.2.2.11. In the second experiment, the total fatty acid 
content and its composition were measured after each incubation period as described in 
secdon 4.2.2.9. Data analyses were carried out as described in section 3.2.2.1. 
4.2.2.2. Composition and preparation of culture medium. 
The culture medium was composed of a solution of mineral salts of Murashige and 
Skoog (MS medium; 4.302 g/1) supplemented with 3 g/1 phytagel and 2.5 g/1 activated 
charcoal. Various concentrations of sucrose (from 0 to 0.232 M) or 2,4-D (from 0 to 
0.6 mM) were also added to the culture to study their effects on 2,4-D metabolism and 
fatty acid composition as detailed in the previous section (section 4.2.2.1). 
The culture medium was prepared using a mixture (50:50 w/v) of the following two 
components prepared at double their final concentration as follows: 
a) Gel component: it consisted of sucrose at double its final concentration, 6 g/1 
phytagel and 5 g/1 activated charcoal. To prepare this mixture, sucrose was dissolved in 
distilled water using a beaker and stirrer-hot plate. The pH of the solution was adjusted 
to 5.7 and, subsequently, the phytagel was added. Before adding the activated charcoal, 
the suspension was boiled to dissolve the phytagel completely. Care was taken care to 
cover the beaker with aluminium foil to reduce evaporation. 
b) Nutrient component. This component consisted of a solution containing 8.604 g/1 
MS medium, non-radioactive 2,4-D at double its final concentration and a constant 
volume of stock solution of radioactive 2,4-D (''^C-2,4-D). The radioactive 2,4-D 
provided 160, 000 dpm per ml of nutrient solution for preparing the medium to culturc 
plumular tissue and 60, 000 dpm to culture immature inflorescences. The amount ol' 
radioactivity in the nutrient solution was confirmed by measuring the radioactivity of 
aliquots in the scintillation counter. The specific activitity of 2,4-D in the experiment 
using inflorescences was 0.179 mCi/mmole while in the experiments with plumular 
tissue varied according to the concentration of non-radioactive 2,4-D used in the culturc 
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medium. The specific activities were 55.0, 0.143 ± 0.012, 0.0693 ± 0.004 and 0.0473 ± 
0.006 mCi/mmole (mean ± SE) in media with 0, 0.2, 0.4 and 0.6 mM non-radioactive 
2,4-D. 
To mix the two medium components, 2 g of gel component was added to each culture 
tube using a plastic disposable Pasteur pipette and a digital balance. Immediately, 2 ml 
of the nutrient solution was added to each tube using an automatic pipette. The culture 
tubes containing the medium components were then autoclaved at 103.5 kPa and 120 °C 
for 20 minutes. The medium was used the following day. 
4.2.2.3. Preparation and culture of the explants. 
The spathes of immature inflorescences were wiped with 70% ethanol before being 
excised and cut into segments of 0.5 cm length. The segments were incubated for 
72 hours in liquid medium. The cultures were kept in the dark at 29 °C. At the end of 
this period, the inflorescence segments were cut into 0.5-1.0 mm slices which were 
transferred to fresh gelled medium. Tissue was cultured in the same conditions as in the 
first incubation. 
The cores of coconut endosperm containing the embryo were sterilised with undiluted 
commercial bleach (5 % sodium hypochlorite) for 10 minutes immediately after being 
removed from the nuts. The embryos were excised from the endosperm and subjected to 
two successive surface sterilisations with bleach: the first was carried out using 20% 
(v/v) bleach for 10 minutes and the second a solution of 70% (v/v) ethanol during 1 
minute. After each surface sterilisation, the embryos were rinsed three times with sterile 
water. Immediately, they were incubated on the culture medium and conditions as 
section 2.2.2.3. 
After 10 days, the plumular tissue was excised from the zygotic embryos using a 
dissection needle under the stereoscopic microscope. The plumular tissue was 
immediately transferred into the tubes containing a gelled medium with the composition 
as described above and then cultured using the same incubation conditions as for 
immature inflorescences. 
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4.2.2.4. Extraction of2,4-D and its metabolites. 
The extraction of 2,4-D and its metabohtes was carried out in a manner analogous to 
that described by Schneider et al. (1984). The plant tissues were removed from the 
culture vessels to be weighed after carefully removing the gelled medium stuck to their 
surface. Subsequently, three washes were carried out with distilled water to eliminate 
traces of 2,4-D. The coconut tissues were dried with tissue paper, transferred into 5 ml 
plastic cryogenic vials and cut into smaller pieces over an ice-bath. Immediately 2 ml of 
methanol was added to each vial to be kept at -20°C for at least 48 hours. The frozen 
tissues were crushed with a glass rod which was then washed with a further 1 ml of 
methanol. The homogenized samples, complete with washings, were centrifuged at 
3000 rpm for clarification and aliquots were taken to assess the content of 2,4-D in 
tissue and to identify the metabolites. 
4.2.2.5. Assessment of radioactivity. 
An aliquot of 200 |il was taken from each methanolic tissue extract to measure its 
radioactivity using an external standard ratio quenching method as described in section 
3.2.2.6. 
The radioactivity corresponding to 2,4-D bound to tissue debris was also measured. 
After transferring the methanolic extracts to other cryogenic vials, the tissue debris were 
washed three times with methanol to remove residues of extractable 2,4-D. 
Centrifugation of the cryogenic vials was carried out every time to reduce the loss of 
tissue debris during the washings. The entire tissue debris was transfened to 
scintillation vials, washing carefully the residues of tissue from the cryogenic vials with 
the 7 ml scintillation cocktail added for each sample. The radioactivity of each tissue 
sample was measured for 10 minutes in the scintillation counter using a sample channel 
ratio quenching method as described in section 3.2.2.6. 
After separation by TLC and identification with authentic standards (section 4.2.2.8), 
the metabolites of 2,4-D from methanolic tissue extracts were detected by radioscanning 
as described in the section 3.2.2.6. 
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The total content of radioactive 2,4-D in the medium and its amount free in the gelled 
medium (i.e. not bound to activated charcoal, hereafter referred to as "free" 2,4-D) was 
measured after each period of culture as described in section 3.2.2.8. 200 mg of medium 
were weighed into 20 ml scintillation plastic vials. Three aliquots were taken from each 
replicate of each treatment. The radioactivity of the aliquots was measured for 10 
minutes in the scintillation counter using the sample channel ratio method to correct for 
quench as described for the assessment of radioactivity of tissue debris. 
To measure the radioactivity corresponding to "free" 2,4-D in the medium was also 
carried out as described for "free" lauric acid in the medium in the section 3.2.2.8. The 
radioactivity of three aliquots of 200 |il from each culture were counted using an 
external standard ratio method of quench correction. 
4.2.2.6. Assessment of 2,4-D content of tissue and quantification of 2,4-D metabolites. 
2,4-D in tissue was distributed in methanolic extracts and bound in the tissue debris. 
The content of 2,4-D in each component was calculated as described in section 3.2.2.7. 
The 2,4-D metabolites were quantified considering the total content of 2,4-D of each 
explant and the percentages of the individual 2,4-D metabolites found in its tissue 
extract. 
4.2.2.7. Assessment of 2,4-D content in the culture medium. 
The amount of total and "free" 2,4-D in medium was converted to nmol/g medium as 
described also in section 3.2.2.7. The specific activity was also calculated in the same 
manner as for the total content of 2,4-D in tissue. 
4.2.2.8. Identification of 2,4-D metabolites by TLC analysis, enzymatic digestion and 
chemical hydrolysis. 
a) Chromatography 
An aliquot of 500 |x] from the total extract was loaded into each lane of a 20x20 cm 
thin-layer chromatography (TLC) plate. The TLC plates were made of silica gel 0.25 
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mm thick with 19 channels and a pre-adsorbent zone for application of the sample. The 
aliquots were loaded onto alternate lanes with standards in the intervening lanes. The 
separation of 2,4-D and its metabolites was carried out using the solvent system 
toluene:methyl ethyl ketone:acetic acid (45:55:3 by volume). The standards used for the 
identification of 2,4-D metabolites were the chemically synthesised metabolites 
(i.e. tetracetylglucose ester of 2,4-D, 2,4-D conjugated with amino acids, elongated 
forms of 2,4-D), radioactive 2,4-D and non-radioactive (i.e. triolein) and radioactive 
triacylglycerol (TAG; i.e. ''^C-tripalmitin). 
To identify the glucose esters of 2,4-D, the polar metabolites were acetylated and 
subsequently separated using silica gel TLC plates and toluene:methanol:acetic acid 
(96:8:4 by volume) as solvent system. The chemically synthesised 2,3,4,6-tetra-O-
acetyl-D-glucopyranose ester of 2,4-D was used as authentic standard. 
The spots corresponding to polar metabolites of 2,4-D were scraped from the silica gel 
TLC plates and transferred to a 15 ml round bottom test tube. A combined sample 
derived from 10 cultures was extracted twice with ethanol and subsequently dried with a 
stream of nitrogen. To acetyl ate the metabolite, the residue of the tube was dissolved in 
1 ml pyridine, previously dried overnight in molecular sieve A4. After adding 1 ml 
acetic anhydride, the reaction mixture was left for 12 hours at room temperature in a 
desiccator. Afterwards, 2 ml iced water was added to the reaction mixture and the 
product (i.e. tetracetylglucose ester of 2,4-D) was extracted with 3.5 ml ethyl acetate. 
After vortex-mixing and centrifuging the two phase system, the aqueous phase was 
discarded and the ethyl acetate phase was washed three times with iced water. The 
organic phase was dried with Na2S04 and concentrated using nitrogen gas (Morillo et 
al., 2001). The samples were applied to the TLC plates for the identification of glucose 
esters derivatives of 2,4-D as described previously. 
The identification of elongated forms of 2,4-D was carried out using reversed phase 
TLC (RP-TLC) using 0.25 mm silica gel TLC plates with covalently bound 18C chains. 
The solvent system was acetonitrile:methanol:water (80:10:30, by volume) and the 
standards consisted of the chemically synthesised elongated forms. 
Acetylation reaction 
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acetic anhydride 
/ 
H3C 
V 
o 
HO 
,OH 
glucose ester of 2,4-D 
C CH5 O 
H OH 
tetraceatylglucose ester derivative of 2,4-D 
,OAc 
AcO 
acetic acid 
H OAc 
CI + H3C C 
Where Ac= H,c c 
/ 
O 
/ 
OH 
b) Chemical hydrolysis. 
Non-polar metabolites, tentatively identified as 2,4-D-TAGs were further characterised 
using a chemical hydrolysis in a manner analogous to the hydrolysis of natural TAG to 
fatty acids and glycerol (Christie, 1989). 
To obtain the triacylglycerol containing 2,4-D analogues, the areas tentatively identified 
as 2,4-D-TAG complexes from 14 lanes of TLC silica gel plates were scraped and 
transferred into a 15 ml round bottom glass tube. The 2,4-D metabolite was extracted 
from the silica gel with 3 ml of diethyl ether. Two more washes were carried out and the 
extracts combined in a 15 ml glass tube. The sample was dried using a nitrogen gas 
stream and, subsequently hydrolysed by an alkaline agent as described in section 
3.2.2.5. The resulting ether phase, containing the hydrolysed derivates of 2,4-D, was 
also concentrated in a nitrogen gas stream to 1 ml and, then, loaded into a RP-TLC plate 
for radioscanning as described in section 3.2.2.6. 
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c) Enzymatic digestions. 
Enzymatic digestions were carried out with (3-glucosidase and protease in attempts to 
identify polar 2,4-D metabolites. 
fi-glucosidase. The P-glucosidase digestion was carried out in similar manner to the 
procedure of Scheel and Sandermann (1981a,b). The polar metabolite was scraped from 
30 lanes of the TLC plates to make a combined sample. The combined sample was 
divided into three 10 ml glass tubes containing approximately the same amount of silica 
gel (300 mg). The polar 2,4-D metabolite was extracted from the silica gel with 1 ml of 
distilled water and was transferred into a clean 10 ml glass round bottom tube. The three 
tubes were dried overnight using a desiccator. 
A solution of 0.1 mg (3-glucosidase per 1 ml of 100 mM sodium acetate buffer, pH 5.0, 
solution was made up. To the three tubes, 1 ml enzyme solution, 1 ml buffer solution or 
i ml distilled water was added. The tubes were incubated for 60 minutes at 37 °C using 
a water bath. After addition of 20 |al acetic acid, 4 ml diethyl ether was added to each 
tube. The radioactive products from the ether or aqueous phase were loaded onto a 
channelled TLC plate for radioscanning. 
Protease. Using a low specificity protease (i.e. protease type XXI), the polar 2,4-D 
metabolite was used as substrate for hydrolysis. As with (3-glucosidase, a combined 
sample was obtained scrapping the TLC plates and the silica gel was transfeired into 
three 10 ml glass tubes (i.e. 300 mg tube). The metabolite was extracted with 1 ml 
distilled water and dried with the desiccator overnight. 
An enzyme solution was prepared dissolving 2 mg enzyme in 100 ml buffer solution of 
10 mM sodium acetate and 5 mM calcium acetate (pH 7.5). 
To the three tubes, 2 ml of either enzyme solution, buffer solution or distilled water was 
added. The tubes were incubated in the same conditions used for fi-glucosidase and the 
products from the ether or aqueous phase were loaded into a channelled TLC plate for 
radioscanning. 
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4.2.2.9. Lipid extraction and fatty acid analysis. 
The lipid extraction and fatty acid analysis was carried out as described in section 
2.2.2.4. 
4.2.2.10. Histological analysis. 
Histological analysis was carried out with the plumular tissue during callus induction 
using light microscopy. Samples were taken after each incubation period in the 
experiments studying various concentrations of sucrose during callus induction whilst 
the sampling was only carried out after 90 days of culture in the experiment studying 
2,4-D concentrations. The method used for histological analysis was previously 
described in section 3.2.2.9. 
4.2.2.11. Assessment of growth. 
Growth of the inflorescences and plumular tissue was measured as fresh weight of the 
tissue. The immature inflorescences explant were weighed after 7, 14 and 32 days of 
culture. The fresh weight of the plumular tissue was measured from 30 to 120 days of 
culture at intervals of 30 days. At the beginning of the experiment the plumular tissue 
was weighed using an analytical balance. 
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4.3. Resul ts . 
4.3.1. Analysis of the chemically synthesized metabolites of2,4-D. 
The spectra of all synthesised metabolites of 2,4-D showed the presence of the structural 
components of this auxin in the expected positions: O-CH2- at 6 4.0-4.8 and aromatic 
ring at 6 6.4-7.2. In most of the metabolites -COOH was positioned at 6 11.8 but it 
change to 5 6.8-7.5 in the amino acid conjugates. 
The elongated forms of 2,4-D presented upfield two additional peaks which 
corresponded to the CH2-COO and the other -CH2- of the molecules (i.e. at 5 2.2-2.7 
and 1.7-2.2, respectively). The number of hydrogens detected in each component agreed 
with the expected values, with exception of 12-(2,4-dichlorophenoxy)dodecanoic and 
16-(2,4-dichlorophenoxy)hexadecanoic acids which presented an excess in CH2-COO 
and -CH2- components (Figures 38-42). 
The spectra of the amino acid conjugates of 2,4-D showed the expected additional peaks 
corresponding to the structural components of the amino acid moiety with their 
expected number of hydrogens (Figures 44-52). An exception was 2,4-D-L-histidine in 
which could not be detected one hydrogen in the components CH2-N-ring and CH of 
amino acid moiety as well as the hydrogen of NH of the N-ring (Figure 50). In other 
hand, the number of hydrogens corresponding to the aromatic ring of 2,4-D, -COOH, or 
N-ring exceeded by one. 
All structural components and their hydrogens were detected in the spectrum of the 
tetraacetylglucose derivative of 2,4-D with exception of 2 hydrogens of glucose (Figure 
53). 
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Figure 38. 'HNMR spectrum of the prepared 6-(2,4-dichlorophenoxy)hexanoic acid: 5 
1.6-2.2 (6H, 3 CHz of aliphatic chain), 2.2-2.7 (2H, CH2-COO-), 4.0 
(2H, t, O-CH2), 6.6-7.1 (3H, m, substituted aromatic ring-0), 11.8 (IH, i', -
COOH). The spectrum was recorded at 60 MHz, 3.5 Rp power level using 
tetramethylsilane and CDCI3 as internal standard and solvent, respectively. 
O COOH 
I'l 'M (8) 
P L,, 1, 
Figure 39. 'HNMR spectrum of the prepared 8-(2,4-dichlorophcn()xyjoclan()ic acid: 6 
1.4-2.2 (lOH, m, 5 CH2 of aliphatic chain), 2.2-2.7 (2H, //;, CIli-CXXJ ), 
4.0 (2H, t, O-CH2), 6.6-7.1 (3H, in, substituted aromatic ring-O), I 1.8 (III, 
.V, -COOH). The spectrum was recorded at 60 MHz, 3.5 R, power level 
using tetramethylsilanc and CDCI3 as internal standard and solvent, 
respeclixcly. 
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Figure 40. 'HNMR spectrum of the prepared 10-(2,4-dichlorophenoxy)decanoic acid: 6 
1.1-2.1 (14H, m, 7 CH2 of aliphatic chain), 2.1-2.5 (2H, rn, CH2-COO-), 4 
(2H, r, O-CH2), 6.8-7.5 (3H, m, substituted aromatic ring-0). The spectrum 
was recorded at 60 MHz, 3.5 Rp power level using tetramethylsilane and 
CDCI3 combined with DMSO as internal standard and solvent, 
respectively. 
O (CHjhn—COOH 
Figure 41. 'HNMR spectrum of the prepared 12-(2,4-dichlorophcnoxy)d()dccan()ic 
acid: 5 1.5-2.4 (60H, m, 9 CH2 of aliphatic chain), 2.5-2.9 (6H, m, ('II2-
C 0 0 - ) , 4.2 ( 6 H , / » , 0 - C H 2 ) , 7.0-7.7 (3H, /», substituted aromatic ring-O), 
11.8 (IH. .V, -COOH). The spectrum was recorded at 60 Mil/,, 3.5 R, 
power level using tetramethylsilanc and CDCIi combined with DMSO as 
internal standard and solvent, respectively. 
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Figure 42. 'HNMR spectrum of the prepared 16-(2,4-dichlorophenoxy)hexadecanoic 
acid: 5 1.5-2.4 (60H, m, 9 CH2 of aliphatic chain), 2.5-2.9 (6H, m, CH2-
C 0 0 - ) , 4.2 (6H, m, O-CH2), 7.0-7.7 (3H, m, substituted aromatic ring-0), 
11.8 (IH, j', -COOH). The spectrum was recorded at 60 MHz, 3.5 Rp 
power level using tetramethylsilane and CDCI3 combined with DMSO as 
internal standard and solvent, respectively. 
C H , O C H , 
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Figure 43. 'HNMR spectrum of the prepared methyl ester of 2,4-D: S 3,7 (311, .v, 
COOCH3), 4.6 {2H, ,v, O-CH2), 6.5-7.3 (3M, ni, substituted aromatic ring-
O. The spectrum was recorded at 60 MHz, 3.5 R| power level using 
tetramethylsilane and CDC 13 as internal standard and solvent, respectively. 
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Figure 44. 'HNMR spectrum of the prepared 2,4-D-L-glycine: 5 3.9 (2H, d, CH] of 
amino acid moiety), 5.0 (2H, 5, O-CH2), 6.9-7.5 (3H, m, substituted 
aromatic ring-0), 8.1 (IH, r, NH). The spectrum was recorded at 60 MHz, 
3.5 Rp power level using tetramethylsilane and DMSO as internal standard 
and solvent, respectively. 
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Figure 45. 'HNMR spectrum of the prepared 2,4-D-L-alaninc: 8 1.6 {3H, c/, Cl fi), 4,4-
5.0 (3H, nu 2H of O-CH2 and IH of CH of amino acid moiety), 6.9-7.5 
(3H, m, substituted aromatic ring-0), 8.1 11.8 (IH, ///, -NH). I'hc spectrum 
was recorded at 60 MHz, 0.1 R,; power level using Ictramclhylsilanc and 
CDCI3 combined with DMSO as internal standard and solvent, 
respectively. 
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Figure 46. 'HNMR spectrum of the prepared 2,4-D-L-valine; 5 0.9 (6H, 2d, 2 CH3), 
1.9-2.6 (IH, m, CH of branched aliphatic chain of the amino acid moiety) 
4.2-4.5 (IH, m, CH of the amino acid moiety), 4.8 (2H, 6', O-CH2), 7.0-7.7 
(4H, m, 3H of substituted aromatic ring-O and IH of COOH), 8.1(1H, /n, -
NH). The spectrum was recorded at 60 MHz, 0.1 Rp power level using 
tetramethylsilane and CDCI3 combined with DMSO as internal standard 
and solvent, respectively. 
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Figure 47. 'HNMR spectrum of the prepared 2,4-D-L-leucinc: 6 0.9 (6H, Id, 2 CII3), 
1.3-1.9 (3H, m, -CH-CH?- of branched aliphatic chain of the amino acid 
moiety) 4.2-4.9 (3H, m, IH of CH of the amino acid moiety and 211 of O-
CH2), 6.9-7.5 (4H, //!, 3H of substituted aromatic ring-0 and 111 of 
COOH), 8.1(1H, m, -NH-). The spectrum was recorded at 60 MHz, 0.1 R| 
power level using tetramethylsilane and CDC 13 combined with DMSO as 
internal standard and solvent, respectively. 
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Figure 48. 'HNMR spectrum of the prepared 2,4-D-L-phenylalanine: 5 2.9-3.3 (2H, m, 
CHi bound to the aromatic ring of the amino acid moiety), 4.5-5.0 (3H, m, 
IH of CH of the amino acid moiety and 2H of O-CH2), 6.7-7.6 (7H, m, 3H 
of substituted aromatic ring-0, 3H of the aromatic ring of the amino acid 
moiety and IH of COOH), 8.1(1H, m, -NH-). The spectrum was recorded 
at 60 MHz, 0.1 Rp power level using tetramethylsilane and CDCI3 
combined with DMSO as internal standard and solvent, respectively. 
^ N H — H C COOH 
Figure 49. 'HNMR spectrum of the prepared 2,4-D-L-tryptophan; 6 3.1-3.4 (2(1, in, 
CH2 bound to the aromatic ring of the amino acid moiety), 4.5-5.0 (311, m, 
IH of CH of the amino acid moiety and 2H ol O-CM2), 6,7-7.6 (711, //;, 3H 
of substituted aromatic ring-O and 511 ol the indolinc group), I 1.5 (111. ///, 
-NH- of the indoline group). The spectrum was recorded at 60 MHz, 0.1 
R,: power level using tclramclhylsilane and DMSO us inlcrnal standard 
and sohent, respectively. 
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Figure 50. 'HNMR spectrum of 2,4-D-L-histidine: 5 3.3-3.5 (IH, m, CH2 bound to the 
N-ring of the amino acid moiety), 4.8-5.1 (2H, d, 2H of O-CH2), 7.0-7.6 
(7H, m, 3H of substituted aromatic ring-0, 2H of the N-ring and IH of 
COOH), 8.0-8.2 (IH, m, NH from amino acid moiety). The spectrum was 
recorded at 60 MHz, 0.1 Rp power level using tetramethylsilane and CDCI3 
combined with DMSO as internal standard and solvent, respectively. 
COOH 
CH. NH—HC COOH 
I ; I ' ' ' I I ' ' ' I I ' : ' ' ' I -J 1 ' ' 
I I I I < I I I I ' I 1 I I I I I 1 1 1 1 1 L_ 
Figure 51. 'HNMR spectrum of 2,4-D-L-aspartic acid: 6 2.8 (2H, d, CH2 ol the 
branched aliphatic chain of the amino acid moiety), 4.2-5.0 (311, ///, 211 o( 
O-CH2 and IH o f -CH-) , 6.8-7.6 (4H, m, 3H of substituted aromatic ring-
O and IH of COOH), 7.8-8.2 (IH, NH from amino acid moiety). I he 
spectrum was recorded at 60 MHz, 0.1 R|. power level using 
tetramethylsilanc and CDCI3 combined with DMSO as internal standard 
and solvent, respectively. 
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Figure 52. 'HNMR spectrum of 2,4-D-L-glutamic acid: 5 1.7-2.6 (4H, /??, CH2- CH2 of 
the branched aliphatic chain of the amino acid moiety), 4.2-4.7 (3H, m, 2H 
of O-CH2 and IH of -CH-), 6.8-7.5 (4H, m, 3H of substituted aromatic 
ring-0 and IH of COOH), 7.7-8.1 (IH, m, NH from amino acid moiety). 
The spectrum was recorded at 60 MHz, 0.1 Rf power level using 
tetramethylsilane and CDCI3 combined with DMSO as internal standard 
and solvent, respectively. 
C — C H , - 0 
W h e r e Ac= H i C — C 
Figure 53. 'HNMR spectrum of 2,4-D-tetraacetylglucosc; 6 1.9-2.1 (1211, 4.v, 4CII3), 
4.1-4.3 (2H, 2H of the C6 of glucose), 4.67 (2H, ,s, 2H of O-Clli), .5.0-
5.3 (3H, H-2, H-3 and H-4 of glucose), 5.8 (IM, c/, anomcric 11-1 ol 
glucose), 6.4-7.17 (3H, ///, 3H of substituted aromatic ring-O). 'fhc 
spectrum was recorded at 60 MHz, 0.1 R| power level using 
tetramcthvlsilanc and CDCI3 as internal standard and solvent, respectively. 
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4.3.2. Ejfects of sucrose concentrations on growth of coconut inflorescences explants 
during callus induction. 
The analysis of variance showed that the sucrose concentrations in the culture medium 
affected significantly the growth, expressed as fresh weight and rate of growth, of the 
coconut immature inflorescences at the developmental stages of - 4 and - 5 after the first 
subculture (i.e. explants were transferred into fresh medium after 32 days of culture; 
first subculture included growth measurements after 7, 21 and 32 days of culture; 
P<0.01). In the second subculture (i.e. second subculture included growth 
measurements after 39, 53 and 64 days of culture) sucrose concentrations had also 
significant effects on the rate of growth of the explants but not on their fresh weights 
(P<0.01). A high variation was observed in the values of the latter growth variable 
during this subculture. 
Figure 54 shows the fresh weight of explants (obtained at stage - 4 and -5) cultured in 
presence of three sucrose concentrations during the first subculture. It can be seen that 
the inflorescences cultured in medium with sucrose tended to increase their weight 
through the incubation periods. This rise was slightly correlated with the concentration 
of the carbohydrate in the medium (r^=0.749). Inflorescences of both developmental 
stages had the highest values through all incubation periods when they were cultured in 
medium with 0.232 M sucrose (Figure 54 and Table 16). The values of this growth 
variable were slightly higher in the developmental stages of - 4 compared to those of - 5 
being statistically different after 21 days of culture (Figure 54 and Table 17). In absence 
of sucrose, the explants did not grow and turned necrotic (Plate 21 A and D). 
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Figure 54. Effects of sucrose concentrations on tiie fresh weight of inflorescence tissues 
at the developmental stages of - 4 (A) and - 5 (B). Callus induction was 
performed in medium ( A ) without sucrose or with ( • ) 0.116 M or ( • ) 
0.232 M sucrose. Error bars represent the mean ± SEM from five individual 
cultures.'LSD=least significant difference at the 5% level calculated using 
data from all treatments (combinations of sucrose concentrations and 
developmental stages) after 7, 21 and 32 days of culture. 
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Table 16. Effects of sucrose concentrations in the culture medium on growth of 
immature inflorescence explants during callus induction when averaged 
over the two developmental stages of the inflorescences. Each value 
represents the mean ± SEM from ten individual cultures. The different letter 
in each subculture indicates values statistically different using LSD at 5% 
level. 
Period o f F r e s h w e i g h t o f the t i s sue exp lant 
cul ture (mg) 
(days) sucrose concentration in culture medium 
W e i g h t g a i n of the t i s sue exp lant 
(mg fresh weight tissue/1 OOmg initially 
cultured tissue/day) 
sucrose concentration in culture medium 
O M 0 . 1 1 6 M 0.232 M O M 0 . 1 1 6 M 
First subculture 
7 167.6+11.06e 296.3±10.05d 417.6±39.05c 
21 183.0±14.67e 786.4±38.70b 1036.7±49.36a 
3 2 163.8± 4.96e 756.0±46.32b 1038.0± 18.68a 
Second subculture 
39 
53 
62 
1.7±0.28e 
0.7±0.09e 
0.4±0.06e 
20.9± 3.05c 
24.2±2.56c 
14.2±1.85d 
1.5±0.75ab' 
0.7±0.37b 
1.6±1.84ab 
0.232 M 
30,7±4,71b 
37.8±2.50a 
25.3±2.33c 
1.5±1.06ab 
3.3±1.47a 
4.0± 1.84a 
Table 17. Effects of the developmental stage of coconut immature inflorescences on the 
growth of the explants during callus induction when averaged over the three 
concentrations of sucrose in the culture medium. Each value represents the 
mean ± SEM from fifteen individual cultures. Different letters in each 
subculture indicate values statistically different using LSD at 5% level. 
Period of F r e s h w e i g h t of the t i ssue exp lant 
cul ture (mg) 
(days) developmental stage 
First subculture 
7 308.0± 36.30c 
21 713,2±105.89a 
3 2 687.5±l02.45ab 
Second subculture 
39 
53 
62 
279.6±29.82c 
624.2±92.87b 
617.8±96.84b 
W e i g h t ga in of the t i ssue exp lant 
(mg fresh weight tissue/1 OOmg initially 
cultured tissue/day) 
developmental stage 
-4 -5 
I3.2±3.l9dc 
17.9±3.80bc 
I0.9±2.40dc 
1.3±0,80b 
2,7±1.53ab 
0.9±0.36b 
22.4±4.60ab 
23.8±4.86a 
l.').7±3.4.'ic 
1.7±l.0lb 
1.3±0,67b 
4.7±1.71a 
223 
Similarly to the fresh weight of the explant, the increases on rate of growth, expressed 
as weight gain per 100 mg of initially cultured explant, were correlated (r^=0.871) with 
the concentration of this compound in the medium. The highest values were present in 
inflorescences cultured in medium with 0.232 M sucrose through incubation periods, 
although significant differences were only observed in the first subculture (Figure 55 
and Table 17; P<0.05). Explants of both developmental stages grew most rapidly during 
the first subculture with a higher rate of growth of explants at the developmental stage 
of - 5 compared to -4, particularly after 7 and 21 days of culture. 
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Figure 55. Effects of sucrose concentrations on the weight gain per 100 mg of initially 
cultured inflorescence explants at developmental stages - 4 (A) and - 5 (B). 
Callus induction was performed in media ( A ) without sucrose or with ( • ) 
0.116 M or ( • ) 0.232 M sucrose. Error bars represent the mean ± SEM five 
individual cultures. 'Explants were transferred to fresh radioactive medium 
from non-radioactive medium after 32 days of culture. LSD=Ieast significant 
difference at the 5% level, calculated using data from all treatments 
(combinations of sucrose concentrations and developmental stages) from the 
first subculture^ (7, 21 and 32 days of culture) and second subculture^ (39, 
53 and 62 days of culture). 
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Plate 21. Effects of sucrose concentrations on the growth of coconut immature 
inflorescences at the developmental stages of -4 and -5 . From A to C show 
-4 inflorescences after 30 days of culture in medium with three sucrose 
concentrations: A shows inflorescences cultured without sucrose, B with 
0.116 M sucrose and C with 0.232 M sucrose. From D to F show - 5 
inflorescences after 30 days of culture in medium with three sucrose 
concentrations: D shows inflorescences cultured without sucrose, E with 
0.116 M sucrose and F with 0.232 M sucrose. From G to H show -4 
inflorescences after 60 days of culture in medium with two sucrose 
concentrations: G shows inflorescences cultured with 0.116 M sucrose and 
H with 0.232 M sucrose. From I to J show - 5 inflorescences after 60 days 
of culture in medium with two sucrose concentrations: I shows 
inflorescences cultured with 0.116 M sucrose and J with 0.232 M sucrose. 
226 
4.3.3. Ejfects of sucrose and 2,4-D concentrations on growth and differentiation of 
coconut callus derived from plumular tissue. 
The sucrose concentrations in the culture medium affected the growth and 
de-differentiation of the coconut plumular tissues during callus induction. The fresh 
weight of the explants differed significantly between the sucrose concentrations 
(P<0.01) and increased through time (Figure 56). Plumular tissue cultured on 0.116 and 
0.232 M sucrose had the highest values of fresh weight being statistically different to 
those of the others concentrations (i.e. 0 and 0.058 M), in most of the incubation 
periods. Explants cultured on medium containing no sucrose did not grow and 
eventually died. The rate of weight gain, expressed as weight gain of 100 mg of 
initially cultured tissue, decreased through the periods of culture being present the 
highest values after 30 days of culture. The rate of growth of the explants varied 
between the sucrose concentrations in a similar manner to their fresh weights. 
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Figure 56. Effects of sucrose concentrations on the fresh weight of coconut plumular 
explants. Callus induction was performed in media ( A ) without sucrose or 
with (•) 0.058 M, ( • ) 0.116 M or ( • ) 0.232 M sucrose. Error bars represent 
the mean ± SEM from fifteen individual cultures.'LSD=least significant 
difference at the 5% level calculated using data from all sucrose 
concentrations and periods of culture. 
After 120 days of culture, plumular explants cultured in medium containing 0.116 M 
sucrose showed the highest percentage (81.25%) of callus formation. The remaining 
proportion (18.75% ) resulted from death of the explant and formation of haustorial 
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tissue (i.e. 12.5 and 6.25 %, respectively). Similar values of formation of callus 
(78.12%) were obtained when the explants were cultured in medium with 0.232 M 
sucrose but the formation of haustorial tissue was substantially higher (18.75%). 
Intermediate values (62.5%) of callus formation were obtained when the plumular 
explants were cultured in 0.058 M sucrose but the proportion of dead explants was 
considerably higher (31.25%). All explants cultured in medium without added sucrose 
died. 
The rate and grade of de-differentiation of plumular tissue for the formation of callus 
was affected by the concentration of sucrose in the culture medium as well. Explants 
cultured in medium with 0.116 and 0.232 M sucrose formed callus more rapidly and 
showed a higher degree of de-differentiation (Plates 22, 23, 24 and 25). The calli 
developed large lobules with apparent meristematic zones located near to the epithelial 
cell layers (Plates 24 and 25). The initial lobules were formed from the scaly-leaf 
primordial of the plumule (Plate 26 A) whilst the secondary lobules arose from the 
meristematic zones of the initial lobules (Plate 26 B). In the centre, the lobules 
possessed vascular tissues constituted by traqueids with secondary spiral thickening of 
their cell walls (Plate 26 C and D). The cells of the meristematic zones had relatively 
big nuclei with visible nucleoli (Plate 26 E). Callus derived from medium containing 
0.116 and 0.232 M sucrose also accumulated starch on the inner layers of cells (Plate 25 
F). 
Apparent de-differentiation of explants cultured on medium with 0.058 M sucrose was 
observed after 90 days of culture (Plates 22 and 25 A and B). These calli had larger 
parenchyma cells, a reduced number of meristematic zones and small size of lobules. 
The callus nodules developed as observed in the higher sucrose concentrations but the 
quantity of vascular tissue was considerably reduced. 
After 120 days of culture, the calli derived from culture medium containing sucrose 
increased the number of lobules (Plate 22) but their histological structure was very 
similar to those after 90 days of culture. 
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Plate 22. Effects of sucrose concentrations in the culture medium on induction of callus 
from coconut plumular tissue. The numbers indicate (1) period of culture of 
30 days, (2) period of culture of 60 days, (3) period of culture of 90 days and 
(4) period of culture of 120 days. The letters indicate (a) tissue cultured in 
medium with 0.058 M sucrose, (b) tissue cultured in medium with 0.116 M 
sucrose and (c) tissue cultured in medium with 0.232 M sucrose 
(Bar = 1 mm). 
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Plate 23. Effects of sucrose concentrations in the culture medium on de-differentiation 
of plumular tissue after 30 days of culture. The letters indicate histological 
structure of the callus (A) and its meristematic zone (B) cultured in medium 
with 0.058 M sucrose, of the callus (C) and its meristematic zone (D) cultured 
in 0.116 M sucrose and of the callus (E) and its meristematic zone (F) 
cultured in 0.232 M sucrose. 
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Plate 24. Effects of sucrose concentrations in the culture medium on de-differentiation of 
plumular tissue after 60 days of culture. The letters indicate histological structure 
of the callus (A) and its meristematic zone (B) cultured in medium with 0.058 M 
sucrose, of the callus (C) and its meristematic zone (D) cultured in 0.116 M 
sucrose and of the callus (E) and its meristematic zone (F) cultured in 0.232 M 
sucrose. 
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Plate 25. Effects of sucrose concentrations in the culture medium on de-differentiation 
of plumular tissue after 90 days of culture. The letters indicate histological 
structure of the callus (A) and its meristematic zone (B) cultured in medium 
with 0.058 M sucrose, of the callus (C) and its meristematic zone (D) cultured 
in 0.116 M sucrose and of the callus (E) and its meristematic zone (F) 
cultured in 0.232 M sucrose. 
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Plate 26. Characteristics of callus tissues derived from plumular tissue growing on 
culture medium with 0.116 and 0.232 M sucrose. Letters indicate (A) 
formation of initial lobules of callus, (B) formation of secondary lobules of 
callus, (C) vascular tissue of the callus, (D) traqueids constituting the 
vascular tissue, (E) meristematic cells of the callus lobules and (F) starch 
accumulation in inner layers of cells of the callus lobule. 
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The concentrations of 2,4-D in the culture medium affected the growth of the plumular 
tissue, expressed as fresh weight and weight gain (P<0.01), and its de-differentiation to 
form callus. 
The fresh weight of the explants increased consistently throughout incubation (Figure 
57). Explants that grew on medium with 0.2 mM 2,4-D had the highest values through 
all incubation periods. Relatively low weights of the explants were observed in medium 
cultured either with 0.4 mM and 0.6 mM of 2,4-D. Their values of fresh weight were 
statistically equal. Explants cultured on 0.0006 mM 2,4-D had relatively intermediate 
values of fresh weight and were consistently lower than explants cultured on medium 
with 0.2 mM 2,4-D. 
700 
30 60 
Period of culture 
(days) 
Figure 57. Effects of 2,4-D concentrations on the fresh weight of coconut plumular 
explants. Callus induction was performed in medium with (A) 0.0006 mM 
2,4-D, (•) 0.2 mM 2,4-D, ( • ) 0.4 mM 2,4-D or (•) 0.6 mM 2,4-D. Error 
bars represent the mean ±SEM from fifteen individual cultures.'LSD=least 
significant difference at the 5% level calculated using data from all 2,4-D 
concentrations and periods of culture. 
The proportion of explants that formed callus depended extensively on the 
concentration of 2,4-D added to the culture medium. High proportion (91.1 %) of the 
plumular explants cultured on 0.0006 mM only germinated and subsequently developed 
into plantlets (Plate 27-la, 2a and 3a). The remaining explants eventually died. In 
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culture medium containing 0.2 mM 2,4-D, most of the explants (91.1 %) 
de-differentiated partially into callus after 90 days of culture, forming large callus 
lobules (Plate 27-lb, 2b and 3b). Well-formed calli were derived from culture medium 
with 0.4 and 0.6 mM 2,4-D but in lower proportion (i.e. 80.5 and 68.5 % of the 
explants, respectively). A relatively high proportion of the explants cultured in these 
2,4-D concentrations died but some of them formed haustorial tissue, particularly in 
medium with 0.4 mM 2,4-D (5.5 % of the explants). 
Marked histological differences were observed in the explants incubated in the range of 
the tested concentrations of 2,4-D in the medium after 90 days of culture. Plumular 
explants cultured on 0.0006 mM 2,4-D had well organised meristems typically 
surrounded by 4-5 scaly-leaf primordia (Plate 28 A). The meristematic zone was 
constituted by small parenchyma cells with visible nucleus and nucleolus. Well-defined 
bundles of procambial strands surrounded the meristematic zone and were 
characteristically formed by proxylem, prophloem and procambium (Plate 28 B). 
Plumules cultured on medium with 0.2 mM 2,4-D underwent partial de-differentiation 
of the meristem (Plate 28 C). However, large regions of vascular tissue (i.e. traqueids) 
and a large number of bundles of procambial strands were spread all over the explant 
(Plate 28 D). Explants cultured on medium with 0.4 mM 2,4-D produced calli with the 
highest grade of de-differentiation although they had some regions of vascular tissues 
(Plate 28 E). These calli consisted of a large number of lobules with well-defined 
meristematic zones (Plate 28 F). A large number of small lobules characterised the 
callus derived from plumules cultured in 0.6 mM 2,4-D (Plate 28 G and H). A region 
with big parenchyma cells was the main tissue component of the callus. The quantity of 
vascular tissue was considerably reduced. 
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Plate 27. Effects of 2,4-D concentrations in the culture medium on induction of callus 
from coconut plumular tissue. The numbers indicate (1) period of culture of 
30 days, (2) period of culture of 60 days and (3) period of culture of 90 days. 
The letters indicate (a) tissue cultured in medium with 0.0006 mM 2,4-D, (b) 
tissue cultured in medium with 0.2 mM 2,4-D and (c) tissue cultured in 
medium with 0.4 mM 2,4-D and (d) tissue cultured in medium with 0.6 mM 
2,4-D (Bar = 5 mm with exception of figures Ic, Id, 2c, 2d, 3c and 3d where 
bar = 1 mm). 
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Plate 28. Effects of 2,4-D concentrations in the culture medium on de-differentiation of 
plumular tissue after 90 days of culture. The letters indicate histological 
structure of the explant (A) and its meristematic zone (B) cultured in medium 
with 0.0006 mM 2,4-D, histological structure of the explant cultured in 0.2 
mM 2,4-D (C) and its vascular tissues (D), histological structure of the callus 
(E) cultured in 0.4 mM 2,4-D and its meristematic zone (F) and histological 
structure of the callus (G) cultured in 0.6 mM 2,4-D and its meristematic 
zone and lobules (H). 
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4.3.4. Effects of sucrose concentrations and developmental stages of the inflorescences 
on the content of 2,4-D in the tissue explants and "free" 2,4-D in the culture 
medium. 
The analysis of variance showed that the concentrations of sucrose in the culture 
medium had a significant effect on the content of 2,4-D in the inflorescence tissues 
(i.e. expressed as the amount of 2,4-D in the whole explant and per gram of tissue) 
during the first subculture only (i.e. after 7, 21 and 32 days of culture; P<0.05). 
Inflorescences of both the developmental stages contained the highest quantities of 
2,4-D per explant during almost all periods of culture when they were cultured in 
medium with 0.232 M sucrose (Figure 59 and Table 18). However, the values presented 
by the explants cultured in 0.232 M sucrose were not statistically different to those from 
inflorescences cultured in 0.116 M sucrose. Similar tendency was observed on the 
content of 2,4-D expressed as amount of the auxin per gram of tissue (Figure 58). The 
contents of 2,4-D in inflorescences cultured without sucrose had the lowest values 
through almost all the periods of culture (Figures 58 and 59). 
The contents of 2,4-D per explant were similar throughout the culture with all sucrose 
concentrations (Figure 59). When the amounts of 2,4-D were expressed per gram of 
tissue (Figure 58), two considerable increases of 2,4-D in tissues were observed in each 
concentration of sucrose after 7 days of being the explants transferred to fresh medium 
(i.e. 7 days of culture corresponded to the first subculture and 39 days of culture 
corresponded to the second subculture). 
The quantity of this auxin did not differ much between the developmental stages of the 
inflorescences for the duration of the culture (P<0.05), with exception of 39 and 53 days 
of culture when the inflorescence - 5 had higher content of 2,4-D per gram tissue than 
the inflorescence - 4 (Table 19). 
Table 18. Effects of sucrose concentrations of culture medium on the amount of 2,4-D in coconut inflorescences explants and on amount of "free" 
2,4-D in the culture medium. Values were averaged over the two developmental stages of the inflorescences. Each value represents the 
mean ± SEM from ten individual cultures. 
Period of 
culture 
(days) 
Amount of 2,4-D in tissue 
(nmoles/g fresh weight tissue) 
sucrose concentration in culture medium 
Amount of 2,4-D in tissue 
(nmoles/explant) 
sucrose concentration in culture medium 
Amount of "free" 2,4-D in the culture 
medium 
(nmoles/tube) 
sucrose concentration in culture medium 
O M 0 . 1 1 6 M 0.232 M O M 0 . 1 1 6 M 0.232 M O M 0 . 1 1 6 M 
First subculture 
7 4.30±0.32b 
21 3.08±0.59c 
3 2 3.15±0.35bc 
Second subculture 
39 
53 
62 
9.05±0.46a 
3.16±0.24bc 
2.31+0.37C 
10.59±1.70a 
8.56±1.47ab 
5.28±0.99bc 
8.56±0.80a 
3.04±0.27c 
2.81±0.22c 
6.86±1.83bc 
8.48±3.13ab 
3.66±0.26c 
0.71±0.06f 
0.53±0.09fg 
0.52±0.06g 
2.65±0.07cd 
2.40±0.08d 
1.60±0.17e 
3.32±0.44ab 
3.32±0.26ab 
2.23±0.16c 
3.31±0.10a 
3.08+0.19ab 
2.91±0.23bc 
3.26±0.40ab 
4.05±0.50a 
2.59±0.24bc 
3.72±0.16b 
3.61±0.20b 
4.71±0.30a 
1.33±0.04d 
0.93±0.03d 
2.34±0.31c 
2.08+0.15b 
1.35±0.08c 
1.69±0.26bc 
0.232 M 
I.44±0.07d 
0.99±0.04d 
2.99±0.70bc 
2.99±0.52a 
1.13±0.17c 
l . l l ± 0 . 3 7 c 
'The same letter in each subculture indicates values statistically equal using LSD at 5% level 
to U) 
00 
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Table 19. Effects of the developmental stage of coconut immature inflorescences on the 
distribution of 2,4-D between tissue and "free" in the culture medium for 
callus induction. Values were averaged over the three concentrations of 
sucrose in the culture medium. Each value represents the mean ± the standard 
error of the mean from fifteen individual cultures. The different letter in each 
subculture indicates values statistically different using LSD at 5% level. 
Amount of 2,4-D in tissue 
Period of (nmoles/g fresh weight 
culture tissue) 
(days) developmental stage 
-4 -5 
Amount of 2,4-D in tissue Amount of "free" 2,4-D in 
(nmoles/explant) the culture medium 
(nmoles/tube) 
developmental stage developmental stage 
First subculture 
7 6.97±0.74a 
21 3.04±0.4Ib 
3 2 2.81±0.32b 
Second subculture 
3 9 6.52±1.17b 
5 3 4.85±0.42b 
6 2 3.62±0.27b 
-4 -4 
7.64±0.70a 2.26±0.30a 2.18±0.29a 2.11±0.29c 2.22±0.31c 
3.14±0.19b 1.90±0.25bc 2.11±0.34ab 1.84±0.36c 1.92±0.33c 
2.70±0.22b 1.63±0.29c 1.72±0.29c 3.63±0.43a 2.90±0.44b 
10.94±0.95a 3.37±0.27a 3.22±0.25ab 2.89±0.35a 2.17±0.08b 
12.19±1.57a 3.60±0.22a 3.77±0.30a l . l l ± 0 . 0 8 c 1.37±0.08c 
5.32±0.57b 2.13±0.10c 2.68±0.12bc 1.33±0.14c 1.46±0.17c 
After culturing, the amount of "free" 2,4-D contained in the medium showed an inverse 
relationship to the content of the auxin in explant tissue. The increases in the quantities 
of 2,4-D in medium were coupled with decreases in the tissue for the time of the culture 
(Figures 59 and 60). Medium from cultures without sucrose had the highest content of 
2,4-D. The initial quantities of "free" 2,4-D varied according with the concentration of 
sucrose resulting the highest values in the culture medium with 0.232 M sucrose (Figure 
61). The total content of 2,4-D in the culture medium (i.e. amount of 2,4-D "free" and 
bound to activated charcoal) showed great variability within treatments preventing the 
determination of any trend related to the other factors in the study. 
240 
Change of the culture medium 
Period of culture 
(days) 
20 (B) 
15 - Change of the culture medium ^  
II 
II 
If 
i u 
Period of culture 
(days) 
Figure 58. Effects of sucrose concentrations on the content of 2,4-D extracted by 
methanol in 1.0 g of cultured inflorescence explant at the developmental 
stages of -4 (A) and -5 (B). Callus induction was performed in media (A) 
without sucrose or with ( • ) 0.116 M or ( • ) 0.232 M sucrose. Error bars 
represent the mean ± SEM from five individual cultures.'Explants were 
transferred to a fresh radioactive medium from a non-radioactive medium 
after 32 days of culture. Other symbols as Figure 55. 
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Figure 59. Effects of sucrose concentrations on the content of 2,4-D extracted by 
methanol in the whole inflorescence explants at the developmental stages 
of -4 (A) and - 5 (B). Callus induction was performed in media ( A ) 
without sucrose, or with ( • ) 0.116 M or ( • ) 0.232 M sucrose. Error bars 
represent the mean ± SEM from five individual cultures.'Explants were 
transferred to a fresh radioactive medium from a non-radioactive medium 
after 32 days of culture. Other symbols as Figure 55. 
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Figure 60. Effects of sucrose concentrations on the amount of "free" 2,4-D in the 
culture media used for inducing callus from inflorescence tissue. Culture 
media ( A ) without sucrose or with ( • ) 0.116 M or ( • ) 0.232 M sucrose 
incubated inflorescence explants at the developmental stages of ^ (A) and 
- 5 (B). Error bars represent the mean ± SEM from five individual 
cultures.'Explants were transferred to a fresh radioactive medium from a 
non-radioactive medium after 32 days of culture. Other symbols as Figure 
55. 
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Figure 61. Amount of "free" 2,4-D in the culture media used as control (culture media 
without tissue) in the experiment with immature inflorescences. Culture 
media ( A ) without sucrose or with ( • ) 0.116 M or ( • ) 0.232 M sucrose. 
Error bars represent the mean ± the standard error of the mean from six 
individual tubes. 
4.3.5. Effects of sucrose and 2,4-D concentrations in the culture medium on the 
content of 2,4-D in plumular explants and amount of "free" 2,4-D in the culture 
medium. 
The calculations of recovery of 2,4-D were based on the initial amount of "free" 2,4-D 
in the culture medium using data from the first subculture (i.e. after 30 days of culture). 
Approximately 55 % of the initially "free" 2,4-D was recovered in the parts of the 
culture system. The plumular explants accumulated from 23 to 25 % of the "free" 2,4-D 
being 16.6-17.2 % extracted by methanol and 6.4-7.7% bound to tissue debris. The 
remaining proportion (30%) corresponded to the "free" 2,4-D in the medium that was 
not depleted by the explants after culture. Analysis of recoveries was not carried out in 
posterior periods of culture because of the lack of measurements of influx of 2,4-D into 
explants at each period of culture (i.e. this study measured total accumulation of 2,4-D 
in tissue explants but not influx and efflux of the auxin). 
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The concentrations of sucrose in the culture medium affected significantly the content 
of 2,4-D extracted by methanol and bound to tissue debris of the plumular explants as 
well as the addition of the values of the above two variables which was represented in 
the total content of 2,4-D in the explants ( P<0.01). Figure 62 shows the content of 
2,4-D (i.e. when the values from the periods of culture were averaged) in explants 
growing in four sucrose concentrations. It can be seen that the explants cultured in 
medium with 0.232 M sucrose had the highest content of 2,4-D, although their values 
were statistically similar to those of the explants cultured in 0.116 M sucrose. Explants 
cultured in 0.058 M sucrose had lower contents of 2,4-D compared with other explants 
growing in medium with higher concentrations of sucrose. The contents of 2,4-D in 
explants cultured in medium without sucrose were minor. 
Plumular explants accumulated 2,4-D throughout the periods of culture (Figure 63). 
Similarly, explants growing in medium with 0.232 and 0.116 M sucrose had the highest 
content of 2,4-D per explant (i.e. total content of 2,4-D, 2,4-D extracted by methanol 
and 2,4-D bound to tissue debris) throughout culture, with the exception of 120 days of 
incubation when values were not statistically different. 
High contents of 2,4-D were present in tissue cultured in medium without sucrose when 
their values were expressed as the amount of the auxin per gram of explant (Figure 63 
D). Explants cultured in medium containing sucrose had similar contents of 2,4-D per 
gram of tissue. 
The total content of 2,4-D in the controls (i.e. frozen calli incubated in medium 
containing the tested concentrations of sucrose) did not vary significantly between the 
sucrose concentrations and represented only 3-5% of the total content of this auxin per 
gram of the growing plumular explants. 
The initial amount of "free" 2,4-D in the culture medium varied depending upon the 
addition of sucrose (i.e. amount of "free" 2,4-D in the medium which was not used for 
the culture of tissue; Figure 64). The values of the auxin content were similar between 
medium containing sucrose but substantially higher to those of the medium without 
sucrose. After culture, approximately 70% of the initial amount of "free" 2,4-D was 
depleted by the plumules from the medium containing sucrose. Culture medium without 
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sucrose almost maintained the initial quantity of "free" 2,4-D after incubation of the 
tissue. 
The changes in the amount of "free" 2,4-D were not closely coupled with the changes of 
the contents of 2,4-D in the tissue, since the quantities of the auxin were similar 
throughout culture at each concentration of sucrose (Figures 62 and 64). 
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Figure 62. Effects of sucrose concentrations in the culture medium for callus induction 
on the total content of 2,4-D (•) in plumular explants calculated from the 
addition of 2,4-D extracted by methanol (A) and 2,4-D bound to tissue 
debris (•). Error bars represent the mean ± SEM of 12 individual cultures 
when periods of culture were averaged. LSD=least significant difference at 
the 5% level calculated considering data from all sucrose concentrations and 
periods of culture with exception 120 days of culture.'LSD for total content 
of 2,4-D per explant, ^LSD for 2,4-D extracted by methanol and ^LSD for 
2,4-D bound to tissue debris. 
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Figure 63. Effects of sucrose concentrations on the content of 2,4-D extracted by 
methanol (A) and bound to tissue debris (B) of the whole piumular 
explants after various periods of culture. Callus induction was performed 
in media ( A ) without sucrose or with (•) 0.058 M, ( • ) 0.116 M or ( • ) 
0.232 M sucrose. Error bars represent the mean ± SEM from five 
individual cultures. 'LSD=least significant difference at the 5% level 
calculated using data from all sucrose concentrations and periods of culture 
with exception of 120 days of culture. 
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Figure 63. Effects of sucrose concentrations on the total content of 2,4-D in the whole 
plumular explant (C) and per gram of tissue (D) after various periods of 
culture. Callus induction was performed in medium ( A ) without sucrose or 
with (•) 0.058 M, ( • ) 0.116 M sucrose or ( • ) 0.232 M sucrose. Error bars 
represent the mean ± SEM from five individual cultures. 'LSD=least 
significant difference at the 5% level calculated using data from all sucrose 
concentrations and periods of culture with exception of 120 days of culture. 
248 
J 
g l 
I -
70 
60 
50 
40 
30 
20 
10 
LSD' 
30 60 
Period of culture 
(days) 
90 120 
Figure 64. Effects of sucrose concentrations on the total amount of "free" 2,4-D in the 
culture medium used for inducing callus from plumular coconut tissue. 
Culture media ( A ) without sucrose or with (•) 0.058 M, ( • ) 0.116 M or ( • ) 
0.232 M sucrose. Values express the amount of 2,4-D per tube. Error bars 
represent the mean ± SEM from five individual cultures.'LSD=least 
significant difference at the 5% level calculated using data from all sucrose 
concentrations and periods of culture with exception 120 days of culture. 
Solid lines indicate amount of 2,4-D in tubes that were used to incubate 
tissue whilst dotted lines were not. 
Higher recoveries of 2,4-D were obtained in the experiment studying the effects of the 
concentrations of the auxin in the medium on its content and its metabolism in plumular 
tissues. After 30 days, the averaged recovery of 2,4-D was approximately 70 % of the 
initial amount of "free" 2,4-D in the medium. Plumular explants accumulated 22.6-63% 
of the initially added "free" 2,4-D in the medium, being 13.1-30.1% of 2,4-D extracted 
by methanol and 9.5-32.9% of 2,4-D bound to tissue debris. The content of "free" 2,4-D 
in the culture medium represented 16 to 32.9 % of its initial amount after incubation of 
the explants. 
The content of 2,4-D per explant, expressed as total content, 2,4-D extracted by 
methanol or 2,4-D bound to tissue debris, increased with the increasing concentrations 
of 2,4-D in the culture medium (P<0.01; Figure 65; r^=0.92 for total content). The 
highest content of this auxin per explant was present in plumules cultured in medium 
containing 0.6 mM 2,4-D, although the values were statistically similar to those 
contents of explants cultured in 0.4 mM 2,4-D. Intermediate contents were observed in 
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explants cultured in 0.2 mM 2,4-D which were followed by tissue cultured in 0.0006 
mM 2,4-D. 
c a 30 
2 1 20 s = 
2,4-D concentrat ion in the culture m e d i u m 
(mM) 
Figure 65. Effects of 2,4-D concentrations in the culture medium for callus induction 
on the total content of 2,4-D ( • ) in plumular explants calculated from the 
addition of 2,4-D extracted by methanol ( A ) and 2,4-D bound to tissue 
debris (•). Error bars represent the mean ± SEM of 15 individual cultures 
when periods of culture were averaged. LSD=least significant difference at 
the 5% level calculated considering data from all 2,4-D concentrations and 
periods of culture with exception of 120 days of culture.'LSD for total 
content of 2,4-D per explant, ^LSD for 2,4-D extracted by methanol and 
^LSD for 2,4-D bound to tissue debris. 
Beside depending of the concentration in the culture medium, the accumulation of 2,4-D 
increased with the periods of culture (i.e. accumulation of 2,4-D expressed as total 
content of 2,4-D, 2,4-D extracted by methanol or 2,4-D bound to tissue debris; Figure 
66). Plumular explants cultured in medium with 0.4 and 0.6 mM of 2,4-D consistently 
accumulated more 2,4-D than the other explants incubated in lower concentrations of 
the auxin, in all periods of culture. Independently of the concentration of 2,4-D in the 
medium, the highest rate of accumulation was present after 30 and 60 days of culture. 
Greater differences were found between the content of 2,4-D in plumules, regarding the 
auxin concentration in the medium, when values were expressed as amount of the auxin 
per gram of tissue explant (Figure 66 D). 
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In the controls (i.e. frozen calli incubated in the culture medium), the content of 2,4-D 
per gram of tissue increased according to the concentrations of this auxin in the medium 
but their values represented less than 6.5 % of the total content of the growing plumular 
explants. 
The initial amount of "free" 2,4-D in the culture medium depended on the concentration 
of the auxin in the culture medium (Figure 67). The highest quantities were present in 
medium with 0.6 mM 2,4-D whilst the lowest in 0.0006 mM 2,4-D. During the culture, 
explants accumulated between 22.6 to 61.6 % of the initial amount of " free" 2,4-D. 
However, the changes on their quantities were not coupled with the changes in the 
tissue explant. 
251 
I 
•O 
i| 
l i 
I 
% 
i 
30 r 
Period of culture 
(days) 
30 60 
Period of culture 
(days) 
Figure 66. Effects of 2,4-D concentrations on the content of 2,4-D extracted by 
methanol (A) and bound to tissue debris (B) of the whole plumular explant 
after various periods of culture. Callus induction was performed in media 
with ( A ) 0.0006 mM 2,4-D, (•) 0.2 mM 2,4-D, ( • ) 0.4 mM 2,4-D or ( • ) 
0.6 mM 2,4-D. Error bars represent the mean ± SEM from five individual 
cultures.'LSD=least significant difference at the 5% level calculated using 
data from all 2,4-D concentrations and periods of culture. 
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Figure 66. Effects of 2,4-D concentrations on the total content of 2,4-D in the whole 
explant (C) and per gram of tissue (D) after various periods of culture. 
Callus induction was performed in medium with ( A ) 0.0006 mM 2,4-D, (•) 
0.2 mM 2,4-D, ( • ) 0.4 mM 2,4-D or ( • ) 0.6 mM 2,4-D. Error bars represent 
the mean ± SEM from five individual cultures.'LSD=least significant 
difference at the 5% level calculated using data from all 2,4-D 
concentrations and periods of culture. 
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Figure 67. Effects of 2,4-D concentrations on the total amount of "free" 2,4-D in the 
culture medium used for inducing callus from plumular coconut tissue. 
Culture media with (A) 0.0006 mM 2,4-D, (•) 0.2 mM 2,4-D, ( • ) 0.4 mM 
2,4-D or (•) 0.6 mM 2,4-D. Error bars represent the mean ± SEM from five 
individual cultures.'LSD=least significant difference at the 5% level 
calculated using data from all 2,4-D concentrations and periods of culture. 
Solid lines indicate amount of 2,4-D in tubes that were used to incubate 
tissue whilst dotted lines were not. 
4.3.6. Identification and quantification of 2,4-D metabolites of cultured immature 
inflorescences and plumular tissue. 
Four metabolites of 2,4-D were detected in coconut plumular explants after being 
separated on silica gel TLC plates using the solvent system toluene:methyl ethyl ketone: 
acetic acid (45:55:3 by volume; Figure 68). Two metabolites were more polar than 
2,4-D: the first one (metabolite I) remained on the origin (Rf= 0) whilst the second one 
(metabolite 11) migrated slightly further (Rf = 0.131). The other two metabolites were 
more non-polar than 2,4-D, one co-migrating (metabolite IV) with triacylglycerol 
(TAG) (Rf =0.931; Figures 68 and 80) whilst the other (metabolite III) migrated slightly 
less far (Rf = 0.775). No metabolites of 2,4-D, only the unconjugated form, were 
detected in control incubations which used frozen callus in place of live tissue. 
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Figure 68. Typical one-dimensional representation of the radiochromatograms of the 
metabolites of 2,4-D contained in the methanolic tissue extracts from 
coconut plumular explants cultured in medium with various concentrations 
of this auxin. This radiochromatogram corresponds to a tissue extract from 
callus cultured in 0.4 mM 2,4-D after 90 days of incubation. Silica gel 
TLC plates and the solvent system toluene:methyl ethyl ketone:acetic acid 
(45:55:3 by volume) were used for the separation of the metabolites. Each 
lane was scanned for 30 minutes. 
After acetylation, a fraction (i.e. 16.5% of the total content of 2,4-D in the metabolite I) 
of the metabolite I ran in the same position of the chemically synthesised 
tetracetylglucose ester of 2,4-D (Figure 69) after separation on silica gel TLC plates 
using the solvent system toluene:methanol:acetic acid (96:8:4 by volume). The other 
fractions were grouped in a large spot and ran further up of the origin but with lower Rf 
than 2,4-D. Acetyl ati on gave larger values of Rf than the control (i.e. metabolite I 
without being acetylated). 
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Figure 69. Two-dimensional representation of the radiochromatogram of the products 
of the acetylation of the polar metabolites of 2,4-D separated by silica gel 
TLC plates using toluene;methanol;acetic acid (96:8:4 by volume) as 
solvent system. Lane 1 shows non-radioactive standard of 2,3,4,6-tetra-O-
acetyl-D-glucopyranose ester of 2,4-D, lane 2 shows radioactive standard of 
2,4-D, lane 3a products of the acetyl ati on of the polar metabolites of 2,4-D 
(metabolites I) which stayed close to the origin when silica gel plates and 
the solvent tolueneimethyl ethyl ketone:acetic acid (45:55:3 by volume) 
were used and lane 3b shows metabolite I without being acetyiated. The 
two-dimensional radiochromatogram was compilated by the software from 
individual one-dimensional scans separated by 5 mm. Darker colours 
correspond to areas where more radioactivity was detected. 
A similar fraction of the metabolite I was digested by the enzyme P-glucosidase, since 
14.1 % of the metabolite (Figure 70 C) was converted to 2,4-D (Figure 70 D). However, 
the enzyme-free control (i.e. tube containing all reagents and 2,4-D metabolite but not 
the enzyme; Figure 70 E and F) and the reloaded metabolite I (Figure 70 B) also 
presented a small (7 %) percentage of non-conjugated 2,4-D. The enzymatic digestion 
with protease produced similar results but the percentage of the metabolite converted to 
2,4-D was 17.8 % higher compared to the enzyme-free control. 
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Figure 70. One-dimensional representation of the radiochromatograms of the products 
of the enzymatic digestion with P-glucosidase of the metabolite I of 2,4-D 
contained in the methanolic tissue extracts of plumules. Silica gel TLC 
plates and the solvent system toluene:methyl ethyl ketone:acetic acid 
(45:55:3 by volume) were used for the separation of the metabolites. Letters 
indicate (A) standard 2,4-D, (B) reloading of the metabolite I, fraction of 
metabolite I contained in aqueous phase (C) and ether phase (D) after 
digestion with p-glucosidase and fraction of metabolite I contained in 
aqueous phase (E) and ether phase (F) of the enzymatic control. 
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The metabolite n of 2,4-D migrated in similar positions to the amino acid conjugates of 
2,4-D, particularly to the basic derivative (i.e. 2,4-D conjugated with histidine; 
2,4-D-hist), after separation with silica gel TLC plates and the solvent system 
toluene:methyl ethyl ketone: acetic acid (45:55:3 by volume; Figure 71). Similar results 
were attained when another acidic solvent system (diethyl ether:petroleum spirit 
60-80°C:formic acid 70:30:2 by volume) was used, although the derivative of 2,4-D 
conjugated with glycine (2,4-D-gly) shared the same position as metabolite 11 and 
2,4-D-hist (Figure 72). The relative positions of the above metabolites of 2,4-D changed 
in a more polar solvent system (butanol:acetic acid:water 90:20:10 by volume; Figure 
73). Metabolite n had higher Rf than 2,4-D-hist but a lower Rf than the rest of the amino 
acid conjugates of 2,4-D. 
In contrast, the metabolite n migrated further than all the chemically synthesised 
standards of amino acid conjugates after separation with a basic solvent system 
(chloroform:methanol:concentrated ammonium 75:35:2 by volume; Figure 74). In a 
more basic solvent system but less polar (toluene:triethylamine:methanol:concentrated 
ammonium 85:15:20:2 by volume; Figure 75), the metabolite n had higher Rf than 
2,4-D and the majority of the amino acid conjugates of 2,4-D. The conjugates of 2,4-D 
with phenylalanine, valine, alanine and tryptophane had similar position as the 
metabolite II. 
The possibility that metabolite n was an amino acid conjugated of an elongated form of 
2,4-D was investigated by alkaline hydrolysis. The metabolite n was not hydrolysed by 
KOH in 95 % ethanol since no sizeable fractions were observed after separating the 
samples by reversed phase TLC using the solvent system acetonitrile:methanol: water 
(80:10:30 by volume; Figure 76). The non-hydrolysed and hydrolysed samples migrated 
slightly further than the standard of TAG staying close to the origin. 
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Figure 71. Chromatographic position of the polar metabolite n of 2,4-D and non-
radioactive standards of amino acid conjugates of 2,4-D using 
toluene:methyl ethyl ketone:acetic acid (45:55:3 by volume) as solvent 
system and silica gel TLC plates. The two-dimensional representation of 
the radiochromatogram was compilated by the software from individual 
one-dimensional scans separated by 5 mm. Darker colours correspond to 
areas where more radioactivity was detected. 
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Figure 72. Chromatographic position of the polar metabolite II of 2,4-D and non-
radioactive standards of amino acid conjugates of 2,4-D using diethyl 
ether:petroleum spirit (60-80 °C):formic acid (70:30:2 by volume) as 
solvent system and silica gel TLC plates. The two-dimensional 
representation of the radiochromatogram was compilated by the software 
from individual one-dimensional scans separated by 5 mm. Darker colours 
correspond to areas where more radioactivity was detected. 
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Figure 73. Chromatographic position of the polar metabolite n of 2,4-D and non-
radioactive standards of amino acid conjugates of 2,4-D using 
butanol:acetic acid;water (90:20:10 by volume) as solvent system and silica 
gel TLC plates. The two-dimensional representation of the 
radiochromatogram was compilated by the software from individual one-
dimensional scans separated by 5 mm. Darker colours correspond to areas 
where more radioactivity was detected. 
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Figure 74. Chromatographic position of the polar metabolite II of 2,4-D and non-
radioactive standards of amino acid conjugates of 2,4-D using 
chloroform:methanol:concentrated ammonium (75:35:2 by volume) as 
solvent system and silica gel TLC plates. The two-dimensional representation 
of the radiochromatogram was compilated by the software from individual 
one-dimensional scans separated by 5 mm. Darker colours correspond to 
areas where more radioactivity was detected. 
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Figure 75. Chromatographic position of the polar metabolite II of 2,4-D and non-
radioactive standards of amino acid conjugates of 2,4-D using 
toluene;triethylamine:methanol:concentrated ammonium (85:15:20:2 by 
volume) as solvent system and silica gel TLC plates. The two-dimensional 
representation of the radiochromatogram was compilated by the software 
from individual one-dimensional scans separated by 5 mm. Darker colours 
correspond to areas where more radioactivity was detected. 
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Figure 76. Products of the alkaline hydrolysis of the polar metabolite II of 2,4-D 
separated by reversed phase TLC plates and the solvent system 
acetonitrile'.methanol; water (80; 10:30 by volume). Lane la shows products 
of the hydrolysis of polar metabolite 11 of 2,4-D, lane lb shows the polar 
metabolite n without being hydrolysed, lane 2 shows radioactive standard 
of TAG and lane 3 radioactive standard of 2,4-D. The two-dimensional 
representation of the radiochromatogram was compilated by the software 
from individual one-dimensional scans separated by 5 mm. Darker colours 
correspond to areas where more radioactivity was detected. 
In contrast, the non-polar metabolites of 2,4-D (i.e. metabolites III and IV) were 
hydrolysed by alkali (Figure 77). The metabolite IV, which migrated in the same 
position as TAG on silica gel plates, showed 3 fractions after hydrolysis in the 
radiochromatogram after separation on reversed phase TLC plates using the solvent 
system acetonitrile:methanol:water (80:10:30 by volume). Two fractions migrated in the 
same position of 12-(2,4dichlorophenoxy)dodecanoic acid (2,4-DDD) and 
16-(2,4-dichIorophenoxy)hexadecanoic acid (2,4-DHD) whilst the third fraction was 
located between them. The alkaline hydrolysis of metabolite III yielded two main 
products which migrated in the same position of 2,4-D and 2,4-DDD. Some minor 
products were observed between the main products. When the non-hydrolysed forms of 
the metabolites HI and IV were run in the above chromatographic system, both stayed 
on the origin with the standard of TAG. These metabolites also chromatographed with 
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TAG when silica gel TLC plates and the basic solvent system heptane:diisopropyl 
ethericoncentrated ammonium (60:47:2 by volume) were used. However, in this system, 
partial hydrolysis of the 2,4-D metabolites occurred being evident by the hydrolysis also 
of the standard TAG. Beside of the expected spot corresponding to TAG, the standard 
was hydrolysed into a fraction located in the origin, where the standard of 2,4-D 
chromatographed, and two fractions that migrated close to each other and further up on 
the plate in the same position as diacylglycerol. 
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Figure 77. Two-dimensional representation of the radiochromatogram of the products 
of the alkaline hydrolysis of the non-polar metabolites of 2,4-D separated 
by reversed phase TLC. Lane 1 shows non-radioactive standards of 
elongated forms of 2,4-D and radioactive 2,4-D, lane 2 shows radioactive 
standards of fatty acids and TAG, lane 3a shows the products of the 
hydrolysis of the non-polar metabolite of 2,4-D which migrated close to 
TAG in silica gel plates (metabolite III), lane 3b shows metabolite III 
without being hydrolysed, lane 4a shows the products of the hydrolysis the 
non-polar metabolite of 2,4-D which ran in the same position of TAG in 
silica gel plates (metabolite IV) and lane 4b shows metabolite IV without 
being hydrolysed. The solvent system used was acetonitrile;methanol: 
water (80:10:30 by volume). 
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From the four metabolites of 2,4-D detected in plumules, only the very polar metabolite 
(i.e. metabolite I) and non-conjugated 2,4-D were found in immature coconut 
inflorescences. The contents of the metabolite I and 2,4-D were measured after 32 and 
62 days of culture in all treatments (i.e. combinations of sucrose concentrations in 
culture medium and developmental stages of inflorescences). The analysis of variance 
showed that the concentrations of sucrose affected the absolute contents of the 
metabolite I and 2,4-D in the explants in the both periods of culture, with exception of 
the quantity of the metabolite after 62 days of culture (P<0.01). In this case, differences 
between treatments were due to the effects of developmental stages of the 
inflorescences. The developmental stages of the inflorescences did not affect the content 
of the metabolite and 2,4-D in the two periods of culture, excluding the previous case. 
After 32 days of culture, the contents of the metabolite I and 2,4-D per explant 
increased according with the concentration of sucrose, presenting the highest values 
inflorescences cultured in medium with 0.232 M sucrose (Table 20). No differences due 
to sucrose concentrations were found on the contents of the metabolite and 2,4-D in 
plumules after 62 days of culture, with exception of the explants of the inflorescence -5 
which accumulated more 2,4-D after being cultured in medium with high concentration 
of sucrose. The content of both the metabolite I and 2,4-D tended to increase throughout 
the incubation periods, even though the content of the metabolite I decreased after 62 
days of culture when they were incubated in 0.232 M sucrose. Although statistical 
differences were found in the contents of the metabolite I and 2,4-D per gram of tissue 
(P<0.01), no trends were found in their values. 
264 
Table 20. Content of the metabolite I of 2,4-D and its non-conjugated form in immature 
coconut inflorescences cultured in medium with three sucrose 
concentrations. Each value represents the mean ± SEM from five individual 
cultures. The different letter in each row indicates values statistically 
different using LSD at 5% level. 
Period of Inflorescence -4 Inflorescence -5 
culture 
(days) sucrose concentration in culture medium sucrose concentration in culture medium 
O M 0.116 M 0.232 M O M 0.116 M 0.232 M 
Content of the polar metabolite 
(nmoles/explant) 
3 2 0.58+0.0.04cd 1.08+0.14c 2.280+0.49ab 0.22+0.06d 1.81+0.24b 2.54+0.25a 
6 2 1.48+0.09b 1.44+0.07b 1.99+0.14a 1.73+0.1 Sab 
Content of non-conjugated 2,4-D 
(nmoles/explant) 
3 2 0.10+0.02C 0.16+0.04bc 0.67+0.13a 0.14+0.03bc 0.15+0.03bc 0.31+0.08b 
6 2 0.49+0.14ab 0.85+0.33ab 0.48+0.10b 1.15+0,15a 
Content of the polar metabolite 
(nmoles/g fresh weight tissue) 
3 2 3.46+0.0.29a 1.35+0.27c 2.17+0.49bc 1.37+0,33c 2.83+0.49ab 2,47+0.23ab 
6 2 2.97+0.89b 2.17+0.20b 5.34+1.03a 2.36+0.23b 
Content of non-conjugated 2,4-D 
(nmoles/g fresh weight tissue) 
3 2 0.60+0.15ab 0.18+0.04c 0.63+0.13ab 0.95+0.20a 0.24+0.06c 0.30+0.08bc 
6 2 0.90+0.32a 1.19+0.33a 1.35+0.41a 1.59+0.26a 
The concentrations of sucrose and 2,4-D in the culture medium affected the 
accumulation of each individual metabolite of 2,4-D (i.e. amount of the metabolite per 
explant and per gram of tissue) in plumular explants for the time of the culture (P<0.01). 
The contents of all metabolites increased with increasing concentrations of sucrose and 
2,4-D in the medium (Figure 78). 
The polar metabolite I was preferentially accrued in explants cultured in medium 
containing 0.232 M sucrose, although their values were similar to those contents of 
plumules cultured in 0.116 M sucrose throughout culture (Figures 78 and 79 A). Lower 
quantities of the metabolite were present in plumules cultured in 0.058 M sucrose which 
were greater than those contents in plumules incubated in medium without sucrosc. A 
contrary tendency was observed when the content of the metabolite I was expressed in 
gram per tissue (Figure 79 B). Explants cultured in medium without sucrose contained 
more metabolite I (P<0.05) than the rest of the cultures. 
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The contents of the metabohte I were different between the explants cultured in the 
tested concentrations of 2,4-D throughout the incubations periods (Figure 84). Plumules 
cultured in medium with 0.6 mM 2,4-D consistently accumulated the highest contents of 
the metabolite throughout culture, with exception after 90 days of culture when values 
were similar to those contents of plumules cultured with 0.4 mM 2,4-D. Intermediate 
contents of the metabolite I were present in explants culture in 0.2 mM 2,4-D whilst the 
content of the metabolite was minor in plumules culture in 0.0006 mM 2,4-D. 
0.05 0.15 0.20 0.25 
Sucrose concentration in the culture medium 
(M) 
I LSD I LSD 
0.2 0.3 0.4 0.5 0.6 
2,4-D concentration in the culture medium 
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Figure 78. Effect of sucrose (A) and 2,4-D (B) concentrations on the content of the 
polar metabolite I (A), metabolite II (•), non-conjugated 2,4-D (•), 
metabolite III (•), and metabolite IV (T) per plumular explant. Error bars 
represent the mean ± SEM from twelve individual cultures. LSD=least 
significant difference at the 5% level calculated considering data from all 
periods of culture with exception 120 days of culture.'LSD for metabolite I, 
LSD for metabolite II, ^LSD for non-conjugated 2,4-D, '^ LSD for 
metabolite III and ^LSD for metabolite IV. 
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Figure 79. Effects of sucrose concentrations on the content of the polar metabolite I of 
2,4-D in the whole plumular explants (A) and per gram of tissue (B) after 
various periods of culture. Callus induction was performed in medium (A) 
without sucrose or with (•) 0.058 M, (•) 0.116 M or (•) 0.232 M sucrose. 
Each value represent the arithmetic mean ± the standard error of the mean 
from five individual cultures.'LSD=least significant difference at the 5% 
level calculated considering data from all sucrose concentrations and 
periods of culture with exception of 120 days of culture. 
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The rest of the metabohtes of 2,4-D of the plumular explants cultured in medium with 
various concentrations of sucrose and 2,4-D were synthesised in lower quantities than 
metabolite I (Figure 78). The contents of metabolites II, HI and IV increased throughout 
the periods of culture at each concentration of sucrose and 2,4-D in the medium 
(Figures 81, 83, 85 and 87). 
The explants cultured in 0.232 M sucrose accumulated higher quantities of the above 
three metabolites through culture, although the contents of the metabolite III (i.e. the 
TAG containing short-chain elongated forms of 2,4-D) in the explants cultured in media 
with sucrose were similar to each other (Figure 81 B). Similar to the metabolite I, the 
metabolites II, m and IV were accumulated preferentially in medium containing 0.4 and 
0.6 mM 2,4-D, their quantities being greater to those of the explants cultured in other 
2,4-D concentrations (P<0.05) in almost all periods of culture. The same trends were 
observed whether the content of the metabolites were expressed "per explant" or "per 
gram of tissue" (Figure 87 B), with exception of a high increase after 30 days of culture 
in explants cultured in the tested concentrations of sucrose (Figure 83 B). 
The changes on the metabolite IV, TAG containing elongated forms of 2,4-D with long 
carbon chains, were more closely related to the higher concentrations of sucrose and 
2,4-D in the culture medium than were the other metabolites (Figures 80, 83A and 87 
A). 
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Plate 80. Two-dimensional representation of the radiochromatogram of 2,4-D metabolites synthesized by coconut plumular tissue cultured for 60 
(A) and 90 days (B) in medium with various 2,4-D concentrations. Lane 1 shows non-radioactive standard of 
8-(2,4-dichlorophenoxy)octanoic acid, lane 2 shows non-radioactive standard of 10-(2,4-dichlorophenoxy)decanoic acid, lane 3 shows 
non-radioactive standard of 12-(2,4-dichlorophenoxy)dodecanoic acid and methyl ester of 2,4-D, lane 4 shows radioactive standards of 
2,4-D and TAG, lane 5 shows 2,4-D metabolites synthesised by coconut plumular tissue cultured in medium containing 0.6 mM 2,4-D, 
lane 6 shows 2,4-D metabolites synthesised by coconut plumular tissue cultured in medium containing 0.4 mM 2,4-D, lane 7 shows 
2,4-D metabolites synthesised by coconut plumular tissue cultured in medium containing 0.2 mM 2,4-D and lane 8 shows 2,4-D 
metabolites synthesised by coconut plumular tissue cultured in medium containing 0.0004 mM 2,4-D. The 2,4-D metabolites were 
separated using silica gel TLC plates developed in toluene:methyl ethyl ketone:acetic acid (45:55:3 by volume) as solvent system. to 
On 
00 
269 
E 
t 
B •?! 
I 
Period of culture 
(days) 
Period of culture 
(days) 
Figure 81. Effects of sucrose concentrations on the content of (A) the metabohte II 
(basic metabolite) and (B) the metabolite III of 2,4-D (triacylgiycerol 
containing elongated forms of 2,4-D with short carbon side chains <12 
carbons) in plumular explants after various periods of culture. Callus 
induction was performed in medium (A,) without sucrose or with (•) 0.058, 
(•) 0.116 M or (•) 0.232 M sucrose. Error bars represent the mean ± SEM 
from five individual cultures.'LSD=least significant difference at the 5% 
level calculated using data from all sucrose concentrations and periods of 
culture with exception 120 days of culture. 
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The content of non-conjugated 2,4-D per explant was closely related with the 
concentration of sucrose in the culture medium (Figure 82 A). Plumules cultured on 
medium with 0.232 M sucrose contained more non-conjugated 2,4-D than explants 
cultured in other sucrose concentrations throughout culture: values were statistically 
different after 60 days of culture (P<0.05). The content of 2,4-D in explants cultured in 
medium without sucrose was minor. When the contents of non-conjugated 2,4-D were 
expressed per gram of tissue, explants cultured in 0.058 M sucrose had the highest 
values in almost all incubation periods followed by explants that grew in 0.166 and 
0.232 M sucrose (Figure 82 B). 
The content of non-conjugated 2,4-D, expressed per gram of tissue, was also related 
with the concentration of this auxin in the culture medium (Figure 86 B). The highest 
contents were present in explants incubated in 0.6 mM 2,4-D whilst the lowest in 
0.0006 mM 2,4-D for the time of the culture. The content of non-conjugated 2,4-D per 
explant increased also throughout period of cultures but their increments were different 
for each concentration of 2,4-D in the culture medium (Figure 86 A). Explants cultured 
in medium with 0.6 mM 2,4-D had the highest quantities of this auxin per explant after 
30 and 60 days of culture but they became lower than the contents in plumules cultured 
in 0.2 and 0.4 mM 2,4-D after 90 days of culture. 
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Figure 82. Effects of sucrose concentrations on the content of non-conjugated 2,4-D in 
the whole plumular explant (A) and per gram of tissue (B) after various 
periods of culture. Callus induction was performed in medium (A) without 
sucrose or with (•) 0.058 M, (•) 0.116 M or (•) 0.232 M sucrose. Error bars 
represent the mean ± SEM from five individual cultures.'LSD=least 
significant difference at the 5% level calculated using data from all sucrose 
concentrations and periods of culture with exception of 120 days of culture. 
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Figure 83. Effects of sucrose concentrations on the content of the metabolite IV of 
2,4-D (triacylglycerol containing elongated forms of 2,4-D with long 
carbon side chains >12 carbons) in the whole plumular explant (A) and per 
gram of tissue (B) after various periods of culture. Callus induction was 
performed in medium (A) without sucrose or with (•) 0.058 M, (•) 0.116 
M or (•) 0.232 M sucrose. Error bars represent the mean ± SEM from five 
individual cultures.'LSD=least significant difference at the 5% level 
calculated using data from all sucrose concentrations and periods of culture 
with exception of 120 days of culture. 
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Figure 84. Effects of 2,4-D concentrations on the content of the polar metabolite I of 
the auxin in the whole plumular explant (A) and per gram of tissue (B) after 
various periods of culture. Callus induction was performed in medium with 
(A) 0.0006 mM 2,4-D, (•) 0.2 mM 2,4-D, (•) 0.4 mM 2,4-D or (•) 0.6 
mM 2,4-D. Error bars represent the mean ± SEM from five individual 
cultures.'LSD=least significant difference at the 5% level calculated using 
data from all sucrose concentrations and periods of culture. 
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Figure 85. Effects of 2,4-D concentrations on the content of (A) the metabolite II (basic 
metabolite) and (B) the metabolite III of the auxin (triacylglycerol 
containing elongated forms of 2,4-D with short carbon side chains <12 
carbons) in plumular explants after various periods of culture. Callus 
induction was performed in medium with (A) 0.0006 mM 2,4-D, (•) 0.2 
mM 2,4-D, (•) 0.4 mM 2,4-D or (•) 0.6 mM 2,4-D. Error bars represent the 
mean ± SEM from five individual cultures.'LSD=least significant difference 
at the 5% level calculated using data from all sucrose concentrations and 
periods of culture. 
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Figure 86. Effects of 2,4-D concentrations on the content of non-conjugated form of the 
auxin in the whole plumular explant (A) and per gram of tissue (B) after 
various periods of culture. Callus induction was performed in medium with 
(A) 0.0006 mM 2,4-D, (•) 0.2 mM 2,4-D, (•) 0.4 mM 2,4-D or (•) 0.6 
mM 2,4-D. Error bars represent the mean ± SEM from five individual 
cultures.'LSD=least significant difference at the 5% level calculated using 
data from all sucrose concentrations and periods of culture. 
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Figure 87. Effects of 2,4-D concentrations on the content of the metabolite IV of the 
auxin (triacylglycerol containing elongated forms of 2,4-D with long carbon 
side chain >12 carbons) in the whole plumular explant (A) and per gram of 
tissue (B) after various periods of culture. Callus induction was performed 
in medium with (A) 0.0006 mM 2,4-D, (•) 0.2 mM 2,4-D, (•) 0.4 mM 
2,4-D or (•) 0.6 mM 2,4-D during callus induction. Error bars represent the 
mean ± SEM from five individual cultures.'LSD=least significant difference 
at the 5% level calculated using data from all sucrose concentrations and 
periods of culture. 
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4.2.7. Ejfect of sucrose concentration on fatty acid composition of callus derived 
from plumular tissue. 
The concentrations of sucrose affected the content of saturated and unsaturated fatty 
acids in plumular explants growing in the medium containing the tested concentrations 
of sucrose (P<0.01). Explants cultured in medium without sucrose had the highest 
content of saturated fatty acids compared with the explants growing in medium with 
sucrose, although their values presented high variability (Figure 88 A). The content of 
fatty acids in explants growing in medium with sucrose was relatively low (i.e. from 30 
to 2.7 mg per gram fresh weight tissue) and consistently similar throughout culture. The 
content of unsaturated fatty acids was considerable lower than saturated fatty acids in 
the plumular explants (Figure 88 B). As with saturated fatty acids, explants cultured in 
medium without sucrose had the highest quantities however the values were statistically 
equal to those from explants growing in medium with sucrose, in almost all incubation 
periods. 
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Figure 88. Effects of sucrose concentrations on the content of saturated (A) and 
unsaturated (B) fatty acids in coconut plumular explants after various 
periods of culture. Callus induction was performed in medium (A) without 
sucrose or with (•) 0.058 M, (•) 0.116 M or (•) 0.232 M sucrose. Each 
value represent the mean ± the standard error of the mean from five 
individual cultures.'LSD=least significant difference at the 5% level 
calculated considering data from all sucrose concentrations and periods of 
culture with exception of 120 days of culture. 
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4.4. Discussion. 
The 'HNMR spectra of the metabolites of 2,4-D agreed with the expected positions and 
number of hydrogens of their structural components (Kemp, 1978; Abranham and 
Loftus, 1979; Giinther, 1980). Exceptions were 12-(2,4-dichlorophenoxy)dodecanoic 
and 16-(2,4-dichlorophenoxy)hexadecanoic acids which presented an excess in 
CH2-COO and -CH2- components (Figures 41 and 42). This excess may have been due 
to a possible contamination of the metabolites with the (D-bromo-alkanecarboxylic 
acids. Similarly, the spectrum of 2,4-D-L-histidine lacked some structural components 
or showed a unexpected number of hydrogens in each component (Figure 50). Some 
contamination of the metabolite with the precursors or the subproducts of the reaction 
during synthesis may disturbed the spectrum. The above was confirmed in TLC in 
which the metabolite was visualised using ultraviolet light in similar position as 
reported by Feung et al. (1973b). 
Data showed that the growth, expressed as fresh weight and weight gain, of both types 
of explants, immature inflorescences and plumular tissue, was dependent on the 
concentration of sucrose in the medium, whereas its absence led to no response of the 
tissues and their eventually death (Figures 54, 55 and 56; Plate 21). Besides the 
well-known direct effect of sucrose as source of energy (Eeuwens, 1978; Veramendi 
and Navarro, 1996), this carbohydrate also affected the growth by mediating the 
accumulation of 2,4-D in the tissues. In both cultured explants, the content of 2,4-D per 
the whole explant increased as higher quantities of sucrose were added into the medium. 
Thus, increased growth of explants by sucrose may also be the result of the stimulatory 
effects of 2,4-D on growth through increased cell division and/or ceil elongation 
(Hamilton et al., 1971; Muoi and Bilyalieva, 1984). 
Further evidence of the effects of sucrose on growth by mediating the accumulation of 
2,4-D in explants can be seen in the experiment which studied the effects of the 
concentrations of the auxin on its metabolism and on the growth of plumular explants. 
Using a constant concentration of sucrose in the medium (0.116 M), the explants 
cultured in 0.2 mM 2,4-D had higher fresh weights than explants cultured 0.0006 M 
2,4-D (i.e. a non-physiological effective concentration of 2,4-D; Figure 57). The 
differences on growth may be explained as effects of the accumulation of 2,4-D in 
tissue as explants cultured in medium with 0.2 mM 2,4-D had higher content of this 
280 
auxin than those explants cultured in 0.0006 M 2,4-D (Figures 65 and 66 C). The higher 
accumulation of 2,4-D in explants cultured in medium with high concentrations of the 
auxin (i.e. 0.4 and 0.6 mM 2,4-D) promoted de-differentiated growth (i.e. cell division) 
sacrificing the total growth of the tissue, expressed as fresh weight (Figure 57; Plates 
27 and 28). 
Because immature inflorescences explants did not form any callus, the increased growth 
of explants in the presence of sucrose may be primarily due to cell elongation (Plate 21). 
This explains the higher values of fresh weight gained by inflorescences at the 
developmental stage of -4 compared with -5, since the initial weights of the explants of 
inflorescences of -4 were slightly greater than those of inflorescences -5 (Figure 54). 
This assumes that the initial weight of the explants is directly correlated with the 
number of cells constituting them. In this context, cellular elongation was more 
pronounced in -5 inflorescences than -4 as the former had the higher increments in 
weight per 100 mg of initially cultured tissue than the latter (Figure 55). However, the 
impact of cellular elongation on the fresh weight of the explants of -5 inflorescences 
explants was not enough to compensate the differences in growth derived from the 
initial number of cells of the explants between the two developmental stages of the 
inflorescences. 
The high variation of the fresh weight of inflorescences during the second subculture 
probably was a result of the effects of browning of the explants presumably due to the 
oxidation of polyphenols produced by the tissues themselves. The differential responses 
of individual explants from coconut inflorescences, even from the same rachillae, to 
tissue browning process and the methods for controlling it still remain unclear (Buffard-
Morel et al., 1995). 
Histological analyses indicated that sucrose and 2,4-D concentrations in the culture 
medium affected extensively the degree of de-differentiation of the coconut callus 
derived from the plumular explants. The role of sucrose as energy provider was 
important as a mediator of the accumulation of 2,4-D in the explants for cell 
de-differentiation. Although sucrose promoted the accumulation of similar quantities of 
2,4-D per gram of tissue explant (Figure 63 D), plumules cultured in low concentrations 
of sucrose did not receive enough energy to hold a rate of cell division as occurred in 
tissue cultured in high sucrose concentrations. Evidence of this is the delayed 
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de-differentiation of plumular tissue cultured in 0.058 M sucrose, which only reached 
similar degree of de-differentiation to explants cultured in high sucrose concentration 
after 90 days of culture (Plates 22 and 25 E and F). Furthermore, the limited supply of 
energy in medium with low sucrose concentration may be responsible for the low rate of 
callus formation and high percentage of explant death. 
Providing that sufficient energy was supplied, it seemed that sucrose was needed to 
mediate the accumulation of 500 nmoles of 2,4-D per gram of fresh tissue, the minimum 
intracellular concentration required to switch on the process of cell de-differentiation, 
and, consequently, callus initiation (Figure 63 D). Similar values of content of 2,4-D per 
gram of tissue were found in de-differentiating explants in the experiment testing 2,4-D 
concentrations in the culture medium (Figure 66 D). However, the content of individual 
metabolites in tissue explants also affected cell de-differentiation and proliferation as 
showed later. 
A clearer relationship between the degree of de-differentiation of the derived callus 
(Plate 28) and the intracellular accumulation of 2,4-D in the explants (Figures 65 and 
66) was observed in the experiment testing 2,4-D concentrations in the culture medium. 
Although the mechanisms by which 2,4-D induces cell de-differentiation were not 
studied in this work, 2,4-D may have affected the process by inducing the expression of 
genes encoding proteins involved in cell division or by altering the concentrations of 
other plant hormones for example lAA and ethylene, as has been reported in other plant 
species (Van der Zaal et al., 1991; Muoi and Bilyalieva, 1984; Shvetsov and Gamburg, 
1984; Delbarre et al., 1996). 
The highly de-differentiated callus derived from culture medium containing optimal 
concentrations of 2,4-D (0.4 mM) consisted of large regions of vascular tissue as well as 
a large number of undifferentiated lobules, in similar manner to those calli derived from 
low concentrations of 2,4-D (0.2 mM; Plate 28). The vascular tissue was also present in 
callus derived from explants cultured in high concentrations of 2,4-D (0.6 mM). 
Although the negative effects of vascular tissue on induction of embryogenic 
competence in callus cells can not be denied, this tissue may also have positive effects, 
serving as internal nutrient transporter to sustain the process of cell division during 
callus proliferation or the process of formation of somatic embryos. Since vascular 
tissue has been found even in callus with high embryogenic capacity in many 
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dicotyledoneous species (Crevecoeur et al., 1987, 1992; Fransz and Schel, 1990; Perez-
Frances et al., 1995; Lambe et al., 1997), the latter supposition may explain the 
presence of this highly differentiated tissue even in callus cultured with high 
concentrations of 2,4-D. 
The degree of de-differentiation in coconut plumular explants appeared to be limited by 
the toxic effects of 2,4-D when it accumulated in the tissue to excess. This was 
demonstrated in callus derived from medium containing high concentrations of 2,4-D 
(0.6 mM) since they had the highest degree of de-differentiation but also a very reduced 
rate of cell proliferation (mainly expressed on the fresh weight of the explant). The 
content of approximately 1000 nmoles of 2,4-D per gram of tissue found in these calli 
(Figure 66 D) may be just marginally toxic for cell proliferation as some growth 
occurred. The excessive accumulation of 2,4-D was likely to overload the cells causing 
a drastic fall in the intracellular pH and a consequent cessation of the synthesis of 
proteins involved in cellular division (Delbarre et al., 1994, 1996). The inhibitory effect 
of 2,4-D attributable to a decrease of activity of endogenous auxin (lAA) or an increase 
in the activity of growth inhibitors such as ethylene should also not be ruled out (Muoi 
and Bilyalieva, 1984). 
The recovery of 2,4-D, expressed as percentage of the initial quantity of "free" 2,4-D 
in the medium, was determined by measuring the 2,4-D content in tissue (i.e. 2,4-D in 
methanolic tissue extracts and bound to tissue debris) and "free" 2,4-D in the medium 
non-depleted by the explants after incubation. The maximum recoveries attained in 
cultures of coconut plumular tissue were up to 70%, although in some cases, 
particularly in the experiment testing sucrose concentrations in the culture medium, they 
were as low as 55%. Since the contents of 2,4-D in tissues showed a low variation 
between replicates in each treatment, it is likely that differences in recoveries were the 
result of losses of 2,4-D in the culture medium. This could occur during successive 
aqueous washings of the plant explants before extraction with methanol. Thus, external 
residues of gel medium containing 2,4-D surrounding the plumular explants and 2,4-D 
in solution in intercellular spaces could be lost during the washings of tissues samples. 
Another possibility involves the side chain degradation of 2,4-D which yields 
2,4-dichlorophenol and glycolic acid. The latter compound is subsequently metabolised 
in photorespiration or the Krebs cycle to mainly carbon dioxide (Cobb, 1992). In this 
situation, the radioactivity contained in [2-''^C]2,4-D could have been lost as carbon 
283 
dioxide affecting the calculations of 2,4-D contained in medium and tissue which were 
based on the specific activity of [2-''^C]2,4-D. However, most plant species are only 
capable of a slow or limited degradation of the side chain of 2,4-D, with probably no 
significance in auxin metabolism (Montgomery et al, 1971; Schneider et al, 1984). 
The accumulation of 2,4-D in the growing plumular explants was mediated by an active 
transport mechanism since the frozen calli (controls) accumulated only very small 
quantities of 2,4-D (3-6% of the total content of 2,4-D in growing plumular explants). 
Furthermore, sucrose did not increase the accumulation of 2,4-D in frozen calli as 
occurred in growing plumular explants. There is an absolute requirement of sucrose, an 
energy supplier, to accumulate considerable quantities of 2,4-D in tissue, knowing the 
auxin carrier required energy for its activity (Delbarre et al., 1999). In this context, 
sucrose may have acted by providing energy to the ATPase to pump and lower the 
extracellular pH which is responsible to keep 2,4-D unionised for its subsequent 
transport by the influx auxin carrier (Minocha and Nielsen, 1985; Leveau et al., 1998; 
Imhoff et al., 2000). However, the small quantities of 2,4-D contained in the frozen 
tissue may well reflect the partial contribution of the diffusion process in the 
accumulation of this auxin in coconut plumular tissue. 
Additionally, the continuous growth of plumular explants influenced the accumulation 
of 2,4-D through time (Figures 56, 57, 62, 63, 65 and 66). In this respect, tissue growth 
may have prevented the accumulation of this auxin to toxic quantities by "dilution" 
effect and, in the same time, created a permanent auxin demand to promote further cell 
elongation and proliferation (Shvetsov and Gamburg, 1984). The intense metabolism of 
2,4-D by coconut explants, particularly the time-dependent conjugation, was also 
another factor responsible for the consistent accumulation of 2,4-D in tissue. In this 
context, conjugation of 2,4-D by plumular explants reduces the intracellular 
concentration of 2,4-D stimulating its influx from the medium. 
Similar mechanisms were used by immature coconut inflorescence explants since the 
accumulation of 2,4-D was also increased by sucrose added to the culture medium 
(Figures 58 and 59). Increased content of 2,4-D in immature inflorescences explants by 
sucrose in the culture medium has been previously reported but using periods of culture 
drastically shorter (i.e. less than 3 days; Oropeza and Taylor, 1994). Unlike plumular 
explants, elevated contents of 2,4-D per gram tissue were present in infloresccncc 
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explants after 7 days of being transferred to a fresh radioactive medium (Figure 58). 
Ebert and Taylor (1990) determined that highest content (12%) of "free" 2,4-D in the 
culture medium containing activated charcoal occurred during 1-4 days of culture. Thus, 
this high availability 2,4-D may have considerably increased the content of 2,4-D in 
the immature inflorescences during the first days of being transferred to fresh medium. 
The content of 2,4-D per explant extracted by methanol in inflorescences tissue (Figure 
59) was fivefold lower than the content of this auxin in plumular tissue (Figure 63 A), at 
equal concentrations of sucrose in culture medium and the same durations of culture. 
Growth of the inflorescence tissues can not be responsible since it was comparable to 
that of plumular explants. High sensitivity of inflorescence explants to 2,4-D (Branton 
and Blake, 1983; Verdeil et al., 1994; Homung, 1995c) seemed to determine their low 
rate of accumulation of this auxin. 
In similar manner to other plant species, the differences in tissue sensitivity between 
plumular and inflorescence tissues appeared to depend on their metabolism of 2,4-D, 
specifically the mechanisms (i.e. types of metabolites) and the total quantity of 2,4-D 
conjugates yielded by such mechanisms (Davidonis et al., 1980; Nakamura et al., 1985; 
Swanson and Tomes, 1980; Delbarre et al., 1996). Immature inflorescences explants 
only synthesised one metabolite whereas plumular explants were able to produce four 
(Table 20 and Figures 62 and 63). Comparing the same type of metabolite 
(i.e. metabolite I), sucrose concentration used in the medium and incubation period, 
plumular tissue conjugated fivefold higher quantities of 2,4-D than did immature 
inflorescence explants (Figure 79 A and Table 20). However, other factors influencing 
the accumulation of 2,4-D and tissue sensitivity in vitro, such as activity of the auxin 
influx and efflux carrier, cellular compartmentation of the conjugates to vacuoles and to 
membrane constituents, permeability of the membranes to 2,4-D and metabolites, 
receptors together with the subsequent mechanism of signalling, effect of 2,4-D on 
endogenous hormones such as lAA and ethylene and 2,4-D-induced genes and their 
expression should be studied to understand clearly the role of this auxin in coconut 
tissues (Schneider et al., 1984; Cobb, 1992; Delbarre et al., 1996; Van der Zaal et al., 
1991; Imhoff et al., 2000). 
The predominant metabolite of 2,4-D of both immature inflorescences and plumular 
explants was the metabolite I (Figure 78). Since the enzymatic digestions of this 
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metabolite with (3-glucosidase and protease yielded radioactive non-conjugated 2,4-D 
(i.e. 14.1 % and 17.8 % of non-conjugated 2,4-D, respectively; Figure 70), it is likely 
that the metabolite I is a conjugate of both sugars and amino acids or peptides. 
However, the identification of glucoside metabolites of 2,4-D using (3-glucosidase is not 
conclusive in view of the fact that amino acid conjugates, particularly 2,4-D conjugate 
with aspartic acid, are hydrolysed by such an enzyme as well (Feung et al., 1972). 
Consequently, further identification was carried out using the chemically synthesised 
tetraacetylglucose ester derivative of 2,4-D in a TLC system. After acetylation of the 
metabolite I, a fraction representing 16.5% of the metabolite I chromatographed with 
tetraacetylglucose ester derivative in an acidic solvent system (Figure 69). The 
remaining fractions migrated further on the plate compared with the non-acetylated 
form of the metabolite, suggesting that some of them may be other sugar or 
polysaccharide conjugates of 2,4-D. 
A more precise identification of the fractions constituting the metabolite I of coconut 
tissues would require the use of mass spectroscopy. However, the separation of their 
very polar constituents is a very time and energy consuming task (Shvetson and 
Gamburg, 1980). In the case of 2,4-D glucose esters, most investigators failed to 
provide any data about their molecular mass mainly on account of their high lability in 
weak alkaline and neutral media. During the extraction of such metabolites by alcohols 
or during chromatography in alkaline solvent systems, it is impossible to avoid their 
hydrolysis, which leads to liberation of 2,4-D and reesterification resulting in formation 
of alkyl esters of 2,4-D (Chkanikov et al. 1982). Undoubtedly, all of these factors have 
made very difficult to attain glucose esters of 2,4-D in intact state and acceptable purity 
for mass spectroscopy especially after tedious chromatographic separations. Only a few 
reports have given information of molecular mass of glucose esters conjugates of lAA 
and NAA but the mass spectrum is not shown (Delbarre et al., 1994). 
Evidently in this study, the use of cool conditions such as ice during grinding of the 
tissue samples and very low temperature for their storing, immediate use of the tissue 
extracts and a separation of the sample in slightly acidic solvent systems may have 
helped to reduce significantly the hydrolysis and to isolate the glucose esters of 2,4-D in 
an intact state. 
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Additionally, this work has produced some indications of the presence of peptide 
conjugates with 2,4-D in coconut tissue (i.e. using protease digestion; Figure 70), but 
some further improvements should be undertaken to attain better identification of this 
type of conjugates. Although alcoholic solvents are capable of extracting peptide 
conjugates with 2,4-D (Pantskhava et al., 1991), a more efficient solvent for extraction, 
for example acetone and sodium dodecylsulphate, should be used (Scheel and 
Sandermann, 1981a,b). A very strong alkaline hydrolysis followed by chromatographic 
and electrophoresis techniques are also common steps to identify this type of 
metabolites (Shvetson and Gamburg, 1980; Chkanikov et al. 1982). 
The predominance of the glucose esters of 2,4-D in coconut, like other plants, may well 
reflect the availability of pre-existing UDPG-glucose, the sugar form participating in 
conjugation, and glycosyl transferase, the enzyme that catalyses the formation of ester 
bonds (Edwards et al., 1982). Some works have suggested that the enzymes, particularly 
L-amino-A^-acylase, involved in the synthesis of other metabolites, for instance amino 
acid and peptide conjugate, are inducible by the presence of extracellular 2,4-D 
considerably later than glucose-conjugate synthesis (Cobb, 1992). The physiological 
significance of glucose esters of 2,4-D, particularly their role in coconut somatic 
embryogenesis, was not addressed in this work. Many reports suggested that glucose 
esters, like amino acids and myo-inositol conjugates, may serve as storage forms or 
auxin-resevoirs, which may be hydrolysed to free auxin when necessary (Cobb, 1992). 
However, some research in carrot somatic embryogenesis demonstrated that amide 
derivatives are much more stable and could constitute an irreversible output from the 
free-auxin pool (Michalczuk et al., 1992). By contrast, glucose esters, because they are 
readily hydrolysed in vivo, are increasingly considered to be implicated in the regulation 
of hormone levels in cells (Delbarre et al., 1994), particularly during induction of 
embryogenesis. 
The use of various solvent systems and the chemically synthesised amino acid 
conjugates in TLC did not lead to a precise identification of the metabolite II of 2,4-D 
in coconut plumular explants but provided some indications of its chemical nature. In 
the acid solvent systems (Figures 71, 72 and 73), the metabolite either stayed on the 
origin or ran in a lower position of all chemically synthesised amino acid conjugates. 
This suggested that the metabolite II may contain at least a molecular component or 
meioty of basic nature. The excess of protons may have ionised an amino acid group of 
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the molecule of the metabolite II, making it very polar and immobile in the 
chromatographic system. On the contrary, the metabolite II migrated further up than all 
(Figure 74) or almost all (Figure 75) amino acid conjugates tested in basic solvent 
systems, possessing differential polarity and content of the alkali. Increased mobility of 
the metabolite II will have resulted from the formation of the unionised form of the 
basic moiety under alkaline conditions making this metabolite less polar. 
The fact that the amino acid conjugate standards did not chromatograph with the 
metabolite II does not exclude these organic compounds of being constituents of such 
metabolite. Amino acids such as proline, valine, leucine, serine, alanine and threonine 
are important organic molecules in coconut calli metabolism (Magnaval et al., 1995), 
and, consequently, are good candidates to bind to 2,4-D providing a basic moiety to the 
molecule of the conjugate. There are well-known examples of 2,4-D being conjugated 
to peptides of two or more amino acids (Nazarova et al., 1980; Pantskhava et al., 1991) 
so that there is not a strict requirement for metabolite II to co-chromatograph with the 
amino acid conjugate standards. Polyamines such as putrescine, spermidine and 
spermine are characteristics of callus (Du Plessis et al., 1996) and should be also 
considered as possible compounds constituting the metabolite II, although there are no 
reports of conjugation of polyamines with 2,4-D. 
The suggestion that the metabolite n is an amino acid conjugate containing two or more 
amino units is in contradiction with the fact that this metabolite was not susceptible to 
be hydrolysed by 1 M KOH (Figure 76). Some workers hydrolyse peptide conjugates of 
2,4-D indistinctly with either IM KOH and 4 M HCl (Chkanikov et al., 1976; 
Nazarova et al., 1980; Shvetson and Gamburg, 1984). A large number of reports have 
indicated, however, that the hydrolysis of this type of metabolites requires harsher 
conditions (i.e. hydrolysis using 7 M KOH or 6 M HCl at 100 °C) as evidence has been 
shown for the existence of a covalent bond not only between amino acids, but also 
between the peptide and 2,4-D or products of its aryl hydroxylation, most probably an 
amide bond (Chkanikov et al., 1976; Nazarova et al., 1980). Sufhydryl bonds, likely 
also to occur between amino acids, can make such hydrolysis more difficult. 
Consequently, future research is required for testing harsher methods of hydrolysis of 
metabolite n for its better characterisation. However, the unhydrolysable nature of the 
metabolite n may also represents products of re-utilisation of CO2 or glycolic acid 
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formed during a possible degradation of 2,4-D as reported in other plant species. 
(Shvetson and Gamburg, 1984). 
This study showed chromatographic evidence of the existence of elongated forms of 
2,4-D, possessing a side chain longer than 12 carbons (Figures 77 and 80), which were 
incorporated into triacylglycerol analogues (metabolite m and IV) by coconut plumular 
tissues. Possibility exists that these metabolites in coconut tissue may be artefacts 
resulting from the use of methanol as extracting solvent which promotes the formation 
of methyl esters. A number of reports have demonstrated that exposure of 2,4-D 
metabolites to methanol for a long period results in the synthesis of methyl esters of 
2,4-D, in proportions up to 18.4 % by the action of chemical or plant enzymatic 
transesterification (Feung et al., 1976; Schneider et al., 1984). Chromatographic 
comparisons in a re versed-phase TLC system between the chemically synthesised 
methyl ester of 2,4-D and elongated forms of 2,4-D hydrolysed from triacylglycerol 
indicated that the synthesis of such an artefact was very small and the radioactive spots 
represent elongated forms of 2,4-D. The methyl standard migrated in a different 
position, ahead of the spots representing elongated forms of 2,4-D which 
co-chromatographed perfectly with their corresponding chemically synthesised 
standards (Figure 77). 
Additionally, the possibility of misidentifying fatty acids as elongated forms of 2,4-D 
was also considered. In this case, the giycolic acid that is derived from side chain 
degradation in some plant species (Chkanikov et al., 1976; Cobb, 1992) could serve as 
precursor, after some transformation and activation, for the biosynthesis of fatty acids. 
Similar to the methyl ester of 2,4-D, fatty acids had higher Rf than the suspected 
elongated forms of 2,4-D in a reversed-phase TLC system (Figure 77). 
The presence of triacylglycerol containing elongated forms of 2,4-D was also confirmed 
by either conventional (Figure 80) or reversed-phase TLC (Figure 77). Like elongated 
forms of 2,4-D, the methyl ester of this auxin ran between the two spots which 
represented the analogues of triacylglycerol (metabolite III and IV) in conventional 
TLC whereas in reversed-phase TLC it was located much further up than these two 
metabolites. A possible metabolite derived from side chain degradation of 2,4-D, 
2,4-dichloroanisol (Roberts, 1998), feasible to be detected by radioscanning was used as 
standard in both types of chromatography, but it also ran in different position to 
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triacylglycerol analogs (Plate is not shown). Attempts to use a basic solvent system to 
attain further confirmation of the existence triacylglycerol analogs in coconut tissue 
were carried out, but both metabolites m and IV showed high lability to this condition. 
Nevertheless, a radioactive spot ran in the same place to TAG standard while a second 
radioactive spot was proximal also to the standard. In addition to two more radioactive 
spots chromatographed with diacylglycerol (plate is not shown). The latter agreed with 
a number of papers indicating the instability of esters of 2,4-D to basic solvent in TLC 
(Zenk, 1961; Delbarre et al., 1994). 
The fact that the metabolites m and IV were susceptible to alkaline hydrolysis, a 
standard procedure used for generating fatty acids from their esters (Christie, 1989), 
represents further evidence for being triacylglycerol analogues. 
A previous report has demonstrated that alfalfa has the ability to lengthen the aliphatic 
chain of the 2,4-D to 4-6 carbons, although carboxylic compounds with longer retention 
time and, presumably, longer carbon side chain were also detected by gas 
chromatography (Linscott et al., 1968; Linscott and Hagin, 1970). Metabolites of 2,4-D 
possessing a side chain with 6-10 carbons were synthesised by soybean and cocklebur 
leaves in addition to alfalfa. Other elongated forms with longer aliphatic chains were 
also present but a strict identification was not carried out (Linscott and Hagin, 1970; 
Wathana and Corbin, 1972). An intermediate metabolite, 4-(2,4-dichlorophenoxy) 
crotonic acid, and the sequential 2 carbon-addition to the aliphatic side chain suggested 
that the elongated forms of 2,4-D were synthesised by enzymes similar to those 
involved in fatty acid biosynthesis or ^-oxidation pathway. (Linscott and Hagin, 1970; 
Wathana and Corbin, 1972; Hayashi et al., 1998). 
Coconut plumular tissues also showed 2 carbon-additions during lengthening of the 
side chain of 2,4-D but they accumulated predominantly 2,4-D metabolites containing a 
side chain longer than those elongated forms synthesised by alfalfa leaves. This 
accumulation may be the result of the dominance of the addition reaction (synthesis) 
over the degradation reaction (^-oxidation) to reduce the activity of 2,4-D to non-toxic 
levels (Linscott and Hagin, 1970) allowing the growth and proliferation of coconut 
callus. However, the elevated accumulation of elongated forms of 2,4-D with side chain 
constituted by 12-16 carbons in coconut tissue may well reflect the increased specificity 
of thioesterases responsible of the high content of lauric and palmitic acid in this plant 
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species (Voelker et al., 1997). Similar hypothesis may explain the accumulation of 
triacylglycerol analogues but in this case the increases in specifity are conferred to the 
acyltransferase enzymes that is specific to medium-chain-length substrates (Davies et 
al., 1995a,b; Knutzon et al., 1995). 
The highest contents of the novel metabolites, triacylglycerol analogues containing 
elongated forms of 2,4-D, were associated with callus characterised by high degree of 
de-differentiation and rate of proliferation. In this case, those calli derived from 
plumular explants culture in 0.116 and 0.232 M sucrose in the first experiment (Figures 
81 B and 83) or from 0.4 and 0.6 mM 2,4-D in the second experiment (Figures 80, 85 B 
and 87). This finding suggests that either triacylglycerol analogues or elongated forms 
of 2,4-D may have particular metabolic advantages for callus initiation in comparison to 
non-conjugated 2,4-D and the other metabolites, although the fact that the above 
metabolites may be just products of the callus metabolism can not be ruled out. 
The rates of metabolism of 4-(2,4-dichlorophenoxy)butanoic acid and 
2-(2,4-dichlorophenoxy)propanoic acid were compared to that of 2,4-D. Walker and 
Sato (1981) found that the former molecules are metabolised more quickly than 2,4-D. 
In alfalfa cell cultures, a possible increased metabolism of 2,4-DB was responsible for 
the improved somatic embryo development. This suggested that the appropriate design 
of the inductive molecule itself could result in strong induction of early stage somatic 
embryo followed by a rapid metabolism of the phenoxy acid growth regulator to an 
inactive form that would promote better somatic embryo maturation and development 
(Stuart and McCall, 1992). In coconut plumular tissue, a possible rapid metabolism of 
elongated forms may have favoured the formation of callus by keeping 2,4-D at 
sub-toxic concentrations and, at the same time, readily available for periods of elevated 
rates of cell elongation and proliferation, when high quantities of auxin are required. 
However, the effects of the incorporation of elongated forms into triacylglycerol on 
availability of elongated forms for its subsequent conversion to 2,4-D are unclear. This 
is because the triacylglycerol analogues appear to be a benign form of storing 2,4-D, 
since the carboxyl group required for auxin activity is inactivated by an ester bond. In 
this context, coconut plumular explants could have undertaken a double mechanism of 
detoxification of 2,4-D derived from first side chain lengthening and second 
incorporation of elongated forms into triacylglycerol analogues. 
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Triacylglycerol containing elongated forms may be a key factor in the understanding of 
callus initiation from coconut tissue. Further research should be undertaken to assess the 
auxin activity of both elongated forms and triacylglycerols analogs. The use of 
radioactive metabolites may provide a better explanation of their activity, especially if 
some experiments are designed to study their synthesis and degradation in coconut 
tissue. Chemical synthesis of radioactive triacylglycerol analogues together with plant 
lipase assays may be considered the foundation-stone for this future work. A wider 
understanding of the effects of the latter metabolites on coconut somatic embryogenesis 
can be attained by measuring their influx and efflux rates in plant cells. 
Finally, the fatty acid composition of calli derived from plumular explants showed great 
variability, and no relation to the tested concentrations of sucrose in culture medium or 
the degree of de-differentiation occurring in the calli themselves (Plates 23, 24 and 25 
and Figure 88). It may be possible that polar lipids, such as phospholipids and 
glycosylacylglycerols, or plant sterols are more associated with changes in plant tissue 
during callus initiation (Cunha and Femandes, 1997) rather than the fatty acids 
themselves. 
292 
4.5. Conclusions. 
1. The accumulation of 2,4-D in coconut tissue explants is a time-dependent process and 
is driven by an active transport mediated by sucrose and 2,4-D concentration in the 
culture medium. 
2. The de-differentiation of coconut plumular tissue during callus initiation is dependent 
on both sucrose and 2,4-D concentrations in the culture medium. 
3. Immature inflorescence explants metabolise 2,4-D to polar metabolites partially 
constituted by glucose ester conjugates and peptide conjugates whilst plumular 
explants are also capable of forming triacylglycerol analogues containing elongated 
forms of 2,4-D with an aliphatic side chain formed by 12 or more carbons as well as 
a basic unidentified metabolite. 
5. Plumular explants accumulated higher quantities of 2,4-D than did immature 
inflorescences, determining the tissue growth and the metabolism the differences in 
the rate of accumulation between explants. 
6. The triacylglycerol analogues containing elongated forms of 2,4-D synthesised by 
coconut plumular explants were associated with de-differentiation of tissue. 
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Chapter 5 
Effect of lauric acid on the formation of coconut somatic 
embryos 
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5. Effect of lauric acid on the formation of coconut somatic embryos. 
5.1. Introduction. 
5.1.1. Ejfects of fatty acids and lipid classes in somatic embryogenesis. 
Lipids have been shown to be involved in plant development, plant growth and 
senescence (Ichihara and Noda, 1980; Reidiboym-Talleux and Grenier-De March, 
1999). During somatic embryogenesis, calli at different stages of differentiation exhibit 
obvious differences in lipid composition which reflect their varying subcellular 
morphologies. In many oil-accumulating plant species, such as oil palm (Elaeis 
guinensis), cocoa (Theobroma cacao L.), rapeseed (Brassica napus L.), peanuts 
(Arachis hypogaea), conifers and olive {Olea europea L.) , as well as Papaver species, 
grasses, wild cherry {Prunus avium) and maize {Zea mays), triacylglycerols (TAG) are 
know to increase with the onset of somatic embryogenesis (Fletcher and Beevers, 1970; 
Warren and Fowler, 1979; Pollard and Stumpf, 1980; Tsai and Kinsella, 1982; Tumham 
and Northcote, 1982; Feirer et al, 1989; Attree et al., 1992; Williams et al, 1991; 1993; 
Hsing et at., 1993; Taylor and Vasil, 1996; Reidiboym-Talleux and Grenier-De March, 
1999). Embryogenic cells accumulate TAG in the form of oil bodies while 
non-embryogenic cells are less differentiated, have high contents of DAG and lack oil 
bodies. Lipid storage reserves, particularly TAG, have been shown to be involved in cell 
differentiation to globular embryos, although further developmental stages were also 
influenced by this lipid. Low contents of triacylglycerols in cultured tissue were related 
to difficulties in the development and germination of somatic embryos (Feirer et al., 
1989; Attree et al., 1992). 
Initially, there is a depletion of TAG in callus with the proliferation of competent cells 
until the formation of embryonic globular structures occurs. Simultaneously, there is an 
increase in polar lipids. This suggests that callus utilises the storage lipid for synthesis 
of membranes for growth and differentiation of embryonic tissue. Subsequently, there is 
a significant accumulation of TAG especially in the later stages of development. It has 
been proposed that the high content of TAG accompanied by a reduction of moisture 
stimulates maturation and, consequently, prevents precocious germination. The 
reduction of 2,4-dichlorophenoxyacetic acid (2,4-D) content, high osmotic stress and 
the accumulation of abscisic acid (ABA) in callus has been reported to stimulate the 
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synthesis of TAG (Feirer et al., 1989; Attree et al., 1992; Dutta and Appelqvist, 1991; 
Mhaske and Hazra, 1994). 
In many plant species, somatic embryo development is not only associated with high 
content of TAG in tissue but also with changes in its fatty acid composition. In 
rapeseed, the fatty acid composition of TAG in somatic and zygotic embryo changes 
during embryo development acquiring a typical profile of the plant species and 
genotype at the end of the development. A high content of linolenic acid (18:3) is 
observed at early stages of embryo development, but during late embryogenesis, 18:3 
declined markedly while eicosenoic (20:1), erucic (22:1) and oleic (18:1) acids rapidly 
increased (Chen and Beversdorf, 1991; Pomeroy et al., 1991). An elevated content of 
18:1 and 18:3 in TAG was also linked with somatic embryogenesis of olive and wild 
cherry, respectively (Williams et al., 1991; 1993; Cartea et al., 1998; Reidiboym-
Talleux and Grenier-De March, 1999). 
Additionally, the utilisation of TAG during embryogenesis is as important as its 
accumulation. In grapevine, a teratological behaviour (i.e. an excessive growth of 
radicle, a lengthening and thickening of the hypocotyl, and disorganisation of the shoot 
apical meristem) or precocious germination of somatic embryos is due to the loss of 
mRNAs implicated in the maturation of the embryo and absence of isocitrase lyase to 
convert liberated fatty acids from TAG to sucrose via the glyoxylate cycle (Faure and 
Aarrouf, 1994). 
5.1.2. Combined ejfects of lipids and ABA on somatic embryogenesis. 
Although many factors promote the accumulation of TAGs during somatic embryo 
development, ABA seems to play the major role in most of the plant species (Fierer et 
al., 1989; Attree et al., 1992; Mhaske et al., 1998; Hellyer et al., 1999). The 
supplementation of the culture medium with ABA at the concentration of 5-20 jiM 
generally appears to be satisfactory to enhance the accumulation of TAG in somatic 
embryos (Attree et al., 1992; Mhaske et al., 1998; Liu et al., 1994; Fernando and 
Gamage, 2000). Thus, embryo development is stopped temporarily by ABA during the 
globular stage to allow the accumulation of lipids to prepare the somatic embryo for 
proper development. However, the beginning of the accumulation of TAG can be 
extended to the torpedo stage in many plant species (Cailloux et al., 1996; Turnham and 
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Northcote, 1984; Holbrook et al., 1991). Without ABA, somatic embryos at early stages 
of development do not accumulate enough storage lipids to convert into plantlets 
(Cailloux et al., 1996). 
The mechanisms by which ABA mediates the accumulation of TAG is still not entirely 
clear. In rapeseed somatic embryos at the torpedo stage, ABA increased the 
accumulation of TAG, which was mainly composed of eicosenoic (20:1) and erucic 
(22:1) acids. This increment was due to an increase in the activity of enzymes involved 
in the synthesis of this storage lipid, such as erucoyl-CoA synthase and erucoyl-CoA 
acyltransferase, and to an enhanced synthesis of oil-body associated proteins, such as 
oleosins. ABA also increased the activity of elongases responsible for the synthesis of 
22:1 from 18:1 (Holbrook et al., 1991; 1992; Zou et al., 1995). It is not clear whether 
the increased activity of elongase observed following the ABA treatment was due to a 
direct stimulation of existing activity or an increase in the synthesis of new enzyme 
mediated at transcription or translation of the genes (Holbrook et al., 1992). ABA also 
increased the synthesis of other embryogenesis-associated proteins, such napin and 
cruciferin, by altering the content in callus of their corresponding mRNAs (Taylor et 
al., 1990). 
In somatic embryogenesis, ABA acts collaboratively with TAGs on somatic embryo 
development not only by promoting their accumulation but also by affecting other 
processes. This plant growth regulator has been associated with induction of genes 
controlling embryo maturation and germination, desiccation tolerance, suppression of 
reserve mobilisation and induction of dormancy (Galau et al., 1991; Hughes and Galau, 
1991; Carrier et al., 1997; Crowe et al., 2000). 
Addition of (+)-ABA has been reported to induce precociously the expression of genes 
which encode some late-embryogenesis-abundant (LEA) proteins, and to prevent 
precocious germination. It is possible that ABA is acting as an endogenous signal 
capable of regulating seed gene expression programs (Carrier et al., 1997). In cotton, 
several mRNAs, characteristic of key steps during the end of embryogenesis, were 
identified, allowing maturation, post-abscission and germination programs to be defined 
(Galau et al., 1991; Hughes and Galau, 1991; Carrier et al., 1997). Recently, many 
ABA-responsive embryogenic genes, such as the family of seed-specific ABA signal 
traducers which includes the viviparous protein of maize and the abscisic acid 
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insensitive ABI3 and ABI3-like proteins of A. thaliana and P. vulgaris, respectively, 
has been identified. This gene family together with other genes (i.e. FUSCA3 and Leaf 
Cotyledon 1) regulate mid and late embryogenesis. In rapeseed, mutants ABI3 produce 
underdeveloped embryos which bypass late embryo development and enter directly 
into a germinative stage. This desiccation intolerant, non-dormant phenotype could be 
due to the markedly altered expression of maturation stage genes as well as decreased 
accumulation of certain triacylglycerol and fatty acids. This gene encodes a seed-
specific transactivator which induces oleosin gene expression and further studies 
suggested that it ensures correct developmental progression during embryogenesis 
(Crowe et al, 2000). 
Even though considerable progress has been achieved in coconut somatic 
embryogenesis, the formation of well-developed somatic embryos and, consequently, 
regeneration of plantlets still demands further improvements. A range of abnoiTnal 
structures, such as haustorial tissue and fasciated leaves and roots, are derived from the 
development of globular somatic embryos. The coconut somatic embryos are 
recalcitrant and, consequently, do not enter to a stage of dehydration which allows their 
maturation. Therefore, somatic embryos tend to undergo precocious germination 
immediately after embryo development (Blake, 1995; Buffard-Morel et al., 1995). It is 
possible that coconut callus is not able to accumulate TAG to induce somatic embryo 
maturation as most of the synthesis and accumulation of TAG, which occurs in zygotic 
embryogenesis, is localised in a separate specialised tissue, the endosperm (Oo and 
Stumpf, 1979; Davies, 1993; Davies et al., 1995a,b; Knutzon et al., 1995). The supply 
of the precursor of fatty acids, acetate, in the culture medium has enabled oil palm 
callus to accumulate high quantities of TAG during the onset of somatic embryogenesis, 
promoting embryo development and maturation (Tumham and Northcote, 1984). 
Acetate has been also utilised to monitor the accumulation of TAG and fatty acids 
during somatic embryogenesis of many other plant species (Warren and Fowler, 1979; 
Pollard and Stumpf, 1980; Tsai and Kinsella, 1982, Fletcher and Bee vers, 1970; 
Tumham and Northcote, 1984). 
Recently, an improvement in the formation of coconut somatic embryos and plant 
regeneration by supplementing the culture medium with ABA has been reported. 
However, the rates of plant regeneration were still lower than 12% (Fernando and 
Gamage, 2000). It seems that ABA requires a supply of fatly acids to stimulate the 
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accumulation of TAG, and, consequently, normal embryo development and maturation. 
The present work had the objective to study the combined effects of laurate, the major 
fatty acid of TAG in coconut, and ABA supplied in the culture medium on the 
formation and maturation of somatic embryos. The determination of optimal conditions, 
such as pH, laurate concentration and length of the period of incubation, were included 
as a preliminary step before feeding coconut calli with the fatty acid. 
5.2. Materials and methods. 
5.2.1. Materials. 
5.2.1.1. Apparatus, instruments and other materials. 
Materials and routine apparatus Company and specifications 
Analytical balance 
automatic pipette 
Centrifuge 
Digital balance 
dissection needle 
forceps 
Sterilisation filter 
stirrer-hot plate with stirrer 
water bath 
Sartorius precision 0.0001 g 
Gilson^ capacity 1000 |il 
Sorvall^ Super T21 
Sartorius precision 0.001 g 
Merck'^, steeled 10 cm 
Merck, steeled cuved 15 cm ienght 
0.8 |uim polysulfone membrane Gel man 
Sciences obtained from Pall Europe Ltd.^ 
Ibby HB502 obtained from Fisher'' 
Grant^ 
1) Sartorius GMBH, Gottingen, Germany 
2) Gilson SA, Villiers-le-Bel, France 
3) Sorvall, New Town, Ct., USA 
4) Merck KGaA, Darmstadt, Germany 
5) Pall Europe Ltd. Portsmounth, UK. 
6) Fisher Scientific UK Limited. Loughborough, Leicestershire, UK. 
7) Grant Instruments Limited, Cambridge, UK. 
5.2.1.2. Chemicals. 
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Compound Formula Grade Supplier 
C15H20O4 abscisic acid 
activated chaicoal 
1,2-benzenedicarboxylic acid CgH604 
(phthalic acid) 
bovine serum albumin 
essentially fatty acid free 
2,4-dichlorophenoxyacetic acid CsHeCiaOs 
hexane 
N-2-hydroxyethylpiperazine-
N'-2-ethanosulfonic acid 
(HEPES) 
2-[N-morpholino] 
ethanesulfonic acid (MES) 
lauric acid 
["^C]-lauric acid 
MS medium 
phytagel 
sodium hydroxide 
sucrose (from sugar cane) 
CH3(CH2)4CH3 
CgHisNiO^S 
CoHjgNO^S 
C12H24O2 
C12H24O2 
NaOH 
C12H22O11 
98 % 
acid washed 
99.5 % 
99 % tested for 
tissue culture 
distol 
99% 
99% 
99% 
57 nCi/nmol 
analytical 
98 % 
Sigma 
Sigma 
Sigma 
Sigma 
Sigma 
Fisher^ 
Sigma 
Sigma 
Sigma 
Amersham^ 
Duchefa'* 
Sigma 
Fisher 
Sigma 
1) Sigma Chemical Company. Dorset, UK 
2) Fisher Scientific UK Limited. Loughborough, Leicestershire, UK. 
3) Amersham Life Science, Bucknghamshire, England. 
4) Duchefa, Haarlem, The Nerthelands 
5.2.1.3. Sources of plant material. 
The calli used in all these experiments were derived from plumule explanls. Plumules 
were excised from coconut zygotic embryos of the ecotype Malayan Yellow Dwarf. The 
nuts were approximately 12-13 month old when the embryos were excised. The 
culturing of embryos and induction of callus were carried out as described in the 
sections 2.2.2.3, 3.2.2.2 and 3.2.2.3. 
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5.2.2. Methods. 
5.2.2.1. Experimental design and recording and analysis of data. 
a) Experimental design. 
Three experiments were estabHshed to determine the optimal incubation conditions 
(i.e. pH of the culture medium, concentration of laurate and length of incubation period) 
for the incorporation of laurate into complex lipids by coconut calli. Using the 
determined optimal conditions and calli which had been subcultured for one and a half 
years (hereafter referred to as long-term callus), a final experiment studied the effects of 
laurate and abscisic acid on the induction of coconut somatic embryos. 
The optimal pH of the culture medium for incorporation of laurate into lipids was 
determined in the first experiment. The tested pHs were 4.85, 5.8, 6.6, 7.1, 7.15, 7.5 and 
7.9. Three replicates were assigned to each pH. All media were adjusted to 0.1 mM 
non-radioactive laurate in addition to a constant quantity of ['"^CJ-laurate which 
provided 82,180 dpm per ml. The specific activity of laurate was 0.37 nCi/nmole. The 
calli were incubated for 60 hours. 
In the second experiment, the optimal concentration of laurate in the culture medium 
was determined. Six concentrations of non-radioactive laurate (0.1, 1, 2.5, 5, 10 and 
20 mM) were tested. A constant quantity of [''^Cj-laurate was also added to each tested 
concentration providing 88,600 dpm per ml culture medium. The specific activities of 
laurate varied with the concentrations of the non-radioactive fatty acid resulting in 
0.396, 0.0399, 0.0195, 0.00798, 0.00398 and 0.00199 nCi/nmole, respectively. Five 
replicates were assigned to each concentration of laurate. The medium was adjusted to 
the previously determined pH (6.6) and the calli were again incubated for 60 hours. 
Using the predetermined pH (6.6) and concentration of laurate (10 mM), coconut calli 
were incubated for range of periods of culture (i.e. 1 , 2 ,4 , 7, 12, 17, 22, 27, 32, 37 and 
42 days) to determine the optimum for both incorporation of the fatty acid into complex 
lipids and growth of the calli. A constant quantity of [''^C]-laurate (the undiluted 
radioactive source) was initially added to the medium supplying 103,800 dpm per ml. 
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The specific activity of laurate was 0.00467 nCi/nmole. Five replicates were assigned to 
each incubation period. 
In the last experiment, coconut callus was incubated for a predetermined time on culture 
medium supplemented with either laurate or abscisic acid (ABA). The treatments 
involved media supplemented with the following combinations of laurate and ABA 
(Figure 89); 1) an incubation with laurate alone, 2) an incubation with ABA alone, 3) an 
incubation with laurate followed by an incubation with ABA and 4) an incubation with 
laurate followed by an incubation with ABA and then another with laurate. A control 
used culture medium without any addition of the above compounds, transferring the 
calli into fresh media at the same time as the treatments. Forty replicates were assigned 
to each treatment. The incubation conditions used for laurate were 12 days of incubation 
using a culture medium supplemented with 10 mM lauric acid and adjusted to pH 6.6. 
Incubations with ABA lasted 5 weeks using a concentration in the culture medium of 
5 which was also adjusted to pH of 5.7 (Fernando and Gamage, 2000). 
Control 
I II- - I I -
Laurate 
I II-
ABA Laurate 
Laurate 
I II-
ABA 
ABA 
Treatment 
Laurate 
I I h 
0 10 20 30 40 50 60 70 
Period of Culture 
(days) 
Figure 89. Treatments of the experiment established to study the effects of lauric acid 
and ABA on the formation of coconut somatic embryos. Blue lines indicate 
culture medium without ABA whilst red lines without laurate. The 
incubation conditions used for laurate were 12 days of incubation using a 
culture medium supplemented with 10 mM lauric acid and adjusted to pH 
6.6. These conditions were determined to be the optima as describe in 
section 5.3.1. Incubations with ABA, at a concentration in the culture 
medium (pH 5.7) of 5 |iM, lasted 5 weeks as reported by Fernando and 
Gamage (2000). 
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All the experiments had a completely randomised design in which the treatments were 
the tested pHs, concentrations of laurate, the length of the periods of culture or the 
combinations of predetermined times of incubation with laurate and abscisic acid. 
Absolute controls were included in the experiments aimed to determine the optimal 
incubation conditions for feeding the coconut calli with laurate. They consisted of 
frozen callus incubated in culture medium with the same composition as those media of 
the treatments. 
b) Recording and analysis of data. 
In the experiments established to determine the optimal incubation conditions for 
incorporation of lauric acid into complex lipids, the total accumulation and 
incorporation of the fatty acid was calculated after incubating the calli as described in 
section 3.2.2.7. The content of individual lipid classes which were derived from the 
metabolism of lauric acid were simultaneously estimated. The fresh weight and degree 
of browning of calli were also measured after each incubation period. The degree of 
browning of callus was only recorded in the experiment determining the optimal 
incubation period. An arbitrary scale was designed to measure this variable: 0=white 
callus, l=yellowish callus, 2=1/4 of callus was brown, 3=1/2 of callus was brown, 
4=3/4 of callus was brown, 5= the whole callus was brown and 6=very dark callus 
which was often dead. 
Differences between treatment effects were assessed by analysis of variance (ANOVA) 
and mean comparisons were carried out by least significant difference (LSD) analysis 
(Snedecor and Cochran, 1989) using the statistical program SAS (SAS Institute Inc., 
1994). The Tukey test was also used for mean comparisons to ensure effective control 
of the type I error, however the results were very similar to the LSD analysis. 
5.2.2.2. Composition and preparation of culture medium. 
The culture media used to feed the calli with laurate was prepared by combining two 
separated mixtures: 
1. Gel-nutrient solution which contained Murashige and Skoog salts (MS sails), 2,4-D 
and phytagel at double concentration. The pH of this solution was adjusted to 6.6 with 
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NaOH for all the experiments with exception of the first one which tested a range of 
pHs. 
2. Label solution which contained non- and radioactive laurate in double the 
concentrations detailed in the previous section. This solution was also supplemented 
with double concentrated buffer (N.B. 2-[N-Morpholino]ethanesulfonic acid (MES) was 
used for all experiments with the exception of the first one in which additional buffers 
were utilised), sucrose and bovine serum albumin. The pH of the solution was adjusted 
in the same manner as the gel-nutrient solution. 
After combining the two mixtures, the final concentrations of the culture medium 
components were: 
Component Final concentration 
MS salts 4.41 g/1 
2,4-D 5 ^iM 
phytagel 3g/l 
non- and radioactive laurate Various concentrations detailed in section 
5.2.2.1 
buffer 0.5 mM 
sucrose 0.116M 
bovine serum albumin' 12 mg/ml 
IX 11.1 ULIX-Zil \_/l L/W V l l iw O^lWl l l UIL /Ul l l l l l y W. 111^/1111/ VV UO 111 LllV 1 1 1 IV l^ 1 I. 
which determined the optimal pH because of the low concentration of laurate used (0.1 mM). 
In the experiment established to determine the optimal pH, three buffers at the final 
concentration of 0.05 M were used to fix a pH and to avoid drastic changes during the 
incubation of calli. Phthalate buffer was used for pH 4.85 in the culture medium whilst 
MES was used for pH 5.8, 6.6 or 7.1. Higher pHs (7.15, 7.5 or 7.9) were set up in the 
medium using N-2-hydroxyethylpiperazine-N'-2-ethanosulfonic acid (HEPES) buffer. 
The pH of the medium was adjusted with 1 M NaOH as required. 
The preparation of the medium started by dissolving the MS salts and 2,4-D in a small 
volume of distilled water. After adjusting the volume and, then, pH, phytagel was 
added to the solution and subsequently dissolved by heating. Two grams of this 
gel-nutrient solution was weighted into a 15 ml flat-bottom soda glass test tube. All 
tubes were covered with aluminium caps and sterilised in the autoclave at 103.5 kPa and 
120 °C for 20 minutes. 
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To prepare the labelled solution, the non- and radioactive lauric acid were put into a 
beaker and dissolved in 10 ml hexane. After drying the solution using a nitrogen gas 
stream, a volume of water, representing approximately 25% of the final volume of the 
medium, was added. Subsequently, a volume of the NaOH solution, containing an 
equivalent quantity of moles to the amount of lauric acid in the medium, was added to 
the mixture. The fatty acid was dissolved by heating the mixture at 40 °C in a water 
bath. Afterwards, bovine serum albumin and sucrose were added gradually into the 
solution until they were completely dissolved by using a magnetic stirrer. Immediately, 
the buffer was added very slowly to avoid the precipitation of lauric acid into the 
medium. Finally, the volume and, then, the pH of the solution was adjusted. 
The labelled solution was immediately filter sterilised in a flow cabinet. Two grams of 
the solution was added to each culture tube before the gel-nutrient solution had 
solidified. The culture medium was used the next day for incubation of the coconut 
calli. 
In the last experiment in which the effects of laurate and ABA were studied, a medium 
containing 5 |LiM of the plant hormone, an increased concentration of 2,4-D (0.5 mM) 
and 2.5 g/1 activated charcoal was prepared. This medium was supplemented with the 
same components as described previously, with exception of the buffer and laurate 
which were discarded. The pH of this medium was adjusted to 5.7. 
After incubating the calli with either laurate or ABA for the predetermined periods, 
cultures from certain treatments were transferred into fresh medium with the same 
composition of that containing ABA or laurate except that the above two compounds 
were omitted (Figure 89). Once all treatments were finalised, the cultures were 
transferred into 40 ml of medium which had the same composition of that used to 
incubate calli with ABA, but omitting the plant hormone. Subsequently, calli were 
transferred into a fresh medium every 30 days. The 2,4-D was reduced in the medium 
by 0.05 mM every transference until reaching the final concentration of 0.15 mM. 
5.2.2.3. Preparation and culture of the explants. 
A single callus was transferred into each culture tube with 4 g medium in all the 
experiments. For the induction of somatic embryos, calli were cultured in 100 ml flasks 
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containing 40 ml of medium. The periods of incubation were detailed in the sections 
5.2.2.1 and 5.2.2.2 for each experiment. All cultures were kept in the dark at 29 °C. 
5.2.2.4. Assessment of total accumulation and incorporation of lauric acid into complex 
lipids and quantification of individual lipid classes derived from the metabolism 
of the fatty acid. 
The total accumulation and incorporation of lauric acid into complex lipids and 
quantification of individual lipid classes derived from the metabolism of the fatty acid 
was carried out as described in section 3.2.2.7. Before extracting the lipids, callus 
samples were washed three times with a solution of 100 mg/1 of bovine serum albumin 
to remove the lauric acid contained in any adhering gel medium. 
5.2.2.5. Assessment of lauric acid content in the culture medium. 
The quantity of lauric acid in the culture medium after incubating the calli was 
measured in a similar manner to that detailed in section 3.2.2.8. Because the radioactive 
culture medium did not contain activated charcoal, the samples were homogeneous and 
the external standard ratio method alone was used for quench conection. 
5.2.2.6. Histological analysis. 
Histological analysis was carried out only in the experiment studying the effects of 
laurate and ABA on the induction of coconut somatic embryos. Two samples were 
taken from each treatment. The method used was previously described in section 
3.2.2.9. 
5.3. Results. 
5.3. J. Determination of optimum pH, lauric acid concentration and incubation period 
for the incorporation of the fatty acid into complex lipids by coconut callus. 
The highest incorporation of lauric acid into complex lipids by coconut calli was 
attained when the pH of the culture medium was 6.6 (Figure 90A). Al this pH, lauric 
acid was mainly incorporated into triacylglycerol (TAG) followed by polar lipids (PL) 
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and minor quantities of diacylglycerol (DAG) (Figure 90B). Trace quantities of plant 
sterols and plant sterols ester were also derived from the metabolism of lauric acid. 
At low pH (i.e. 4.85), coconut calli accumulated high quantities of lauric acid as 
non-esterified fatty acids, although a small amount (50 mmol) was evenly incorporated 
into TAG, PL and DAG. High pHs in the medium (7.15-7.9) caused a reduction of both 
accumulation of NEFA and incorporation of lauric acid into complex lipids. 
The buffers used to adjust the pH of the culture medium, particularly MES and HEPES, 
did not cause differential effects on the incorporation of lauric acid into lipids by 
coconut calli. The evidence for this finding is similar values of incorporation obtained 
when comparing MES (pH 7.1) with HEPES (pH 7.15). 
As a result of this experiment, the pH of the culture media was adjusted to 6.6 in the 
subsequent studies on the effects of lauric acid on the induction of coconut somatic 
embryos. 
The incorporation of lauric acid into complex lipids by coconut calli varied with the 
concentration of the fatty acid in the culture medium (Figure 91 A). The incorporation 
of the fatty acid increased almost linearly when the concentrations ranged from 0.1 to 
10 mM. A higher concentration of lauric acid in the medium (20 mM) caused a 
decrease in the incorporation of the fatty acid by coconut calli. By contrast, the content 
of NEFA derived from the metabolism of lauric acid increased consistently with 
increasing concentrations of lauric acid in the culture medium. 
TAG was the major complex lipid into which the supplied lauric acid was incorporated, 
independently of the concentration of the fatty acid in the medium (Figure 91 A). The 
content of TAG in coconut calli varied with the concentrations of lauric acid in the 
medium in a similar manner as did the total incorporation of this fatly acid into lipids. 
The incorporation of lauric acid into both PL and DAG increased with increasing 
concentrations of the fatty acid in the medium, but their quantities were minor. 
Because the highest incorporation of lauric acid took place when present in the culture 
medium at 10 mM, the latter concentration was routinely used in ail subsequent 
experiments. 
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The incorporation of lauric acid into lipids increased almost linearly from 1 to 17 days 
of culture (Figure 92 A). After this period, the incorporation of the fatty acid reached a 
plateau even though some fluctuations in their values occurred. In a similar manner to 
the previous experiments, lauric acid was predominantly incorporated into TAG (Figure 
92 B). The content of TAG varied through the periods of incubation in the same way as 
occurred for the total incorporation of lauric acid into lipids synthesised by coconut 
calli. The quantities of NEFA, PL and DAG, which were derived from lauric acid 
metabolism, also increased gradually throughout the periods of culture, but remained at 
relatively lower proportions of the total. 
The rate of growth, expressed as weight gain, of coconut calli decreased with increasing 
the length of their period of incubation with lauric acid (Figure 93). A contrary trend 
followed the degree of browning of the calli which increased throughout the periods of 
incubation. Calli showed the first signs of browning after 7 days of incubation and 
became slightly more affected until 17 days of culture. After this period, the degree of 
browning increased considerably and calli eventually died at the end of the experiment 
(42 days of culture). 
In addition to the values of total incorporation of lauric acid into lipids, the degree of 
browning of the coconut calli was considered to select the optimum incubation period 
for the synthesis of complex lipids. The optimal incubation period was 12 days as the 
quantities of lauric acid incorporated were relatively high and the degree of browning of 
the calli was low. This period was only five days after the appearance of the first signs 
of browning in the cultures. 
In all experiments, the absolute controls (i.e. frozen calli incubated in culture medium 
with the same composition as those media of the treatments) did not incorporate the 
fatty acid into complex lipids. However, the contents of lauric acid (i.e. NEFA) in the 
controls were similar to the values of total incorporation of the fatty acid into lipids by 
growing calli. In long periods of incubation, higher quantities of lauric acid were 
incorporated into lipids by growing callus than those accumulated in frozen callus. 
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Figure 90. Effects of the pH of the culture medium on (A) the content of non-esterified 
fatty acids (NEFA), total incorporation of lauric acid into lipids and (B) 
content of individual complex lipids derived from the metabolism of the 
fatty acid in coconut callus. The medium was adjusted to a range of pH 
using three buffers: phthalate for 4.85 (blue colour), MES for 5.8, 6.6 or 7.1 
(black colour) and HEPES for 7.15, 7.5 or 7.9 (red colour). Laurate was 
supplied in the medium to the callus at the concentration of 0.1 mM during 
60 hours. The symbols indicate ( • ) total incorporation of lauric acid and 
content of ( • ) NEFA, ( A ) TAG, (•) PL and ( T ) DAG. Error bars represent 
the mean ± SEM of 3 individual cultures. LSD=least significant difference 
at the 5% level.'LSD for total incorporation of lauric acid, ^LSD for NEFA 
content, ^LSD for PL content, '^LSD for DAG content and ^LSD for TAG 
content. 
309 
a 8000 
CJ 
a ^ 
1 I 
I sS 
P- s 
ill 
It 
i 
6000 -
4000 -
2000 
LSD" 
^ 7000 r 
§ -S 6000 
a. ^ 
Concentration of lauric acid in culture medium 
(mM) 
•a M 
1 LSD-^  I LSD 
a SB 
Concentration of lauric acid in culture medium 
(mM) 
Figure 91. Effects of the concentrations of lauric acid in the culture medium on (A) the 
content of non-esterified fatty acids (NEFA), total incorporation of lauric 
acid into lipids and (B) content of individual complex lipids derived from 
the metabolism of the fatty acid in coconut callus. The culture medium was 
adjusted to pH 6.6 and callus was incubated for 60 hours. The symbols 
indicate ( • ) total incorporation of lauric acid and content of ( • ) NEFA, ( A ) 
TAG, (•) PL and ( • ) DAG. Error bars represent the mean ± SEM of 5 
individual cultures. LSD=least significant difference at the 5% level.'LSD 
for total incorporation of iauric acid, ^LSD for NEFA content, ^LSD for PL 
content, '*LSD for DAG content and ^LSD for TAG content. 
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Figure 92. Effects of the length of the incubation period with lauric acid on (A) the 
content of non-esterified fatty acids (NEFA), total incorporation of lauric 
acid into lipids and (B) content of individual complex lipids derived from 
the metabolism of the fatty acid in coconut callus. The culture medium 
contained 10 mM laurate and was adjusted to pH 6.6. The symbols indicate 
( • ) total incorporation of lauric acid and content of ( • ) NEFA, (A) TAG, 
(•) PL and ( T ) DAG. Error bars represent the mean ± SEM of 5 individual 
cultures. LSD=least significant difference at the 5% level.'LSD for total 
incorporation of lauric acid, ^LSD for NEFA content, ^LSD for PL content, 
'^ LSD for DAG content and ^LSD for TAG content. 
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Figure 93. Effects of the length of the incubation period with lauric acid on (A) the 
degree of browning and (•) weight gain of coconut callus. The culture 
medium contained 10 mM laurate and was adjusted to pH 6.6. Error bars 
represent the mean ± SEM of 5 individual cultures. LSD=least significant 
difference at the 5% level.'^LSD for the degree of browning, ^LSD for 
weight gain. An arbitrary scale designed to measure the degree of browning 
is described in section 5.2.2.1. 
5.3.2. Ejfects of pre-detemiined times of mcubation with laurate and abscisic acid on 
the formation of coconut somatic embryos using long-term callus. 
Coconut calli were incubated for pre-determined times with laurate and abscisic acid 
(ABA). The incubations with laurate were earned out using the optimal conditions 
determined in previous experiments; incubation for 12 days in coconut culture medium 
supplemented with 10 mM lauric acid and adjusted to pH 6.6. Incubations of calli with 
ABA lasted 5 weeks using a concentration in the medium of 5 |iM as described in 
section 5.2.2.1. 
After gradually reducing the concentration of 2,4-D in the culture medium to 0.15 mM 
and subculturing the calli at this concentration for 6 months, there was no formation of 
mature somatic embryos in any of the treatments (Plate 29). Calli from the control 
(i.e. calli which were incubated with neither laurate nor ABA) started to differentiate 
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producing spongy tissue with similar appearance to the haustorium growing in coconut 
seedlings (Plate 29-1). When the calli were incubated in either laurate or ABA alone 
they kept proliferating by producing callus granules on their surface (Plate 29-2, 3). 
When calli were incubated with laurate followed by another incubation with ABA, 
callus granules became bigger and turned slightly whitish forming globular structures. 
In a treatment which involved an additional incubation of laurate after previously being 
incubated with laurate and ABA, coconut calli formed a reduced number of somatic 
structures (i.e. referred in many reports as pro-embryos) and a few "rudimentary" 
somatic embryos (Plate 29-5; 30-5, 6). 
At the end of the experiment, histological analysis of the coconut calli showed marked 
differences between the treatments to induce somatic embryos. All calli produced 
conglomerates of cells or meristematic centres (MC), but their conformation varied 
enormously with the incubations with laurate and ABA. Calli from the control as well 
as from incubations between laurate or ABA alone formed MC which were close to 
each other and immersed within the mass of callus (Plate 30-1, 2, 3). In calli derived 
from an incubation of laurate followed by another incubation with ABA, MC became 
anatomically more independent and started to form globular entities or proembryos 
containing boundary layers of cells. Air spaces were present between the proembryos 
(Plate 30-4). More defined MC and proembryos as well as a reduced number of not 
fully-developed somatic embryos were derived when calli were further incubated with 
laurate after treatment with laurate and ABA (Plate 30-4, 5). 
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Plate 29. Effects of predetermined times of incubation with either laurate or abscisic 
acid (ABA) on induction of coconut somatic embryos. The treatments 
involved media supplemented with the following combinations of laurate and 
ABA: 1) control 2) an incubation with ABA alone 3) an incubation with 
laurate alone, 4) an incubation with laurate followed by an incubation with 
ABA and 5) an incubation with laurate followed by an incubation with ABA 
and then another with laurate (Bar = 3 mm). 
314 
smxim 
fW'.'i' 
. V' 
1 : 5 
V. 
, Af ' 
' # 
Plate 30. Effects of predetermined times of incubation with either laurate or abscisic 
acid (ABA) on the histology of coconut callus during the induction of 
somatic embryos. The treatments involved media supplemented with the 
following combinations of laurate and ABA: 1) control, 2) an incubation 
with ABA alone, 3) an incubation with laurate alone, 4) an incubation with 
laurate followed by an incubation with ABA and 5) an incubation with 
laurate followed by an incubation with ABA and then another with laurate. 
The figure 6 shows a not fully-developed coconut somatic embryo derived 
from the treatment 5. 
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5.4, Discussion. 
The highest incorporation of lauric acid into total lipids by coconut calli occuired when 
the pH of the culture medium was adjusted to 6.6 (Figure 90). Triacylglycerol was the 
major complex lipid derived from the metabolism of the supplied lauric acid not only in 
the range of the tested pHs but also in the other conditions studied (i.e. concentration of 
lauric acid in the culture medium and length of the incubation period). 
Oil palm calli had also the highest rates of incorporation of acetate into total lipid and 
triacylglycerol in a similar range of pH (6.0-7.3; Tumham and Northcote, 1984). It was 
not determined how the above pH stimulated the incorporation of lauric acid by coconut 
calli into the complex lipids, but it seems likely that it did by affecting the activity of 
enzymes involved in the biosynthesis of triacylglycerols; particularly to those 
acyltransferases specific for lauric acid, such as lysophosphatidic acid acyltransferase 
(Kuntzon et al., 1995, 1999). Using isolated intact plastids or microsomes of Cuphea 
wrightii, a plant species which accumulates about 50% of lauric acid in seeds, it was 
demonstrated that optimum synthesis of medium-chain fatty acids and triacylglycerol 
occur in a neutral range (pH 7.0). The neutral conditions favoured plastid enzymes 
involved in fatty acid biosynthesis (i.e. short-chain condensing enzymes (KAS) and 
medium-chain specific acyl-ACP thioresterases) and some microsomal enzymes 
involved in the transesterification of acyl-CoAs to form TAG (Heise and Fuhrmann, 
1994). 
In both low (4.85) and high pH (7.5-7.9) the incorporation of lauric acid into lipids was 
reduced, but high content of NEFA was only present in callus cultured at low pH. The 
fact that lauric acid has a pKa of 4.8 (Weast, 1973) indicates that the transported species 
at pH 4 corresponds to the unionised form of fatty acid, whereas at pH 7 most of the 
substrate was transported in its ionised (anionic) form. Thus, the high content of NEFA 
at low pH suggests that the influx of lauric acid from the culture medium into the 
coconut calli is favoured by the unionised form of the fatty acid. At pH of 6.6, lauric 
acid in its unionised form might have been taken up more rapidly by coconut calli than 
its counterpart, the ionised form. Because the proportion of unionised lauric acid is 
relatively reduced in the above pH, the rates of incorporation of lauric acid into lipids 
might have depended not only on the activity of acyltransferases but also on the 
available quantities of the unionised form of fatty acid. 
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The transport mechanism for lauric acid from the culture medium to the coconut callus 
cells was not studied in this work. In bacteria, uptake of the medium-chain fatty acid 
octanoate showed the characteristics of simple diffusion whereas the uptake of 
palmitate, a long-chain fatty acid, occurred by both simple diffusion and active 
transport. Uptake rates measured at different pH values indicated that both the ionised 
and unionised forms of octanoate crossed the cytoplasmic membrane by simple 
diffusion. Palmitate in its ionised forms appears to be transported by an active 
mechanism, whereas the unionised molecule diffuses through the membrane (Banchio 
and Gramajo, 1997). In all the experiments of this chapter, the absolute controls 
(i.e. frozen calli incubated in culture medium with the same composition as those media 
of the treatments) did not incorporate lauric acid into complex lipids but their contents 
of the free acid (i.e. NEFA) were similar to quantities incorporated of this fatty acid 
into lipids by the growing calli. This finding suggests that diffusion is the main 
mechanism of uptake of lauric acid by coconut calli. However, in long periods of 
incubation, higher quantities of lauric acid were incorporated into lipids by growing 
callus than those accumulated in frozen callus. The participation of active transporters 
and the induced-accumulation of this fatty acid by its metabolism might explain the 
increased quantities of lauric acid in growing tissue. 
The maximum incorporation of lauric acid into total lipids and TAG by coconut calli 
occurred at the concentration of 10 mM of the lauric acid in the culture medium (Figure 
91). The incorporation of lauric acid into TAG decreased at a higher concentration of 
the fatty acid (20 mM lauric acid) whilst the content of NEFA continued to increase. 
Consequently, this reduction in the incorporation of lauric acid could not be attributed to 
a reduced quantity of the fatty acid in the calli due to a low influx from the culture 
medium. More likely it is that the activity of lysophosphatidic acid transferase specific 
for lauric acid, or enzymes involved in the activation of laurate for synthesis of TAG 
(i.e. acyl-CoA synthase; Sal as et al., 2000) were saturated at high concentrations of the 
fatty acid in the medium, resulting in an elevated content of NEFA in calli. 
Additionally, the consistent increase of NEFA may have caused a decrease of the pH 
(Delbarre el ai, 1994) which probably provoked a reduction of the rales of 
incorporation of lauric acid into TAG (Heise and Fuhrmann, 1994). 
In the determination of the optimal incubation period to feed coconut calli with laurate, 
the fatty acid was incorporated consistently into lipids until 17 days of the culture 
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(Figure 92). After this period, the incorporation of lauric acid reached a plateau. The 
quantities of lauric acid incorporated into lipids did not increase substantially when the 
coconut calli were transferred into fresh medium after 7 and, then, 12 days of culture 
(data not shown). The latter indicated that the depletion of lauric acid by coconut calli 
throughout culture was not a limiting factor for its incorporation into lipids. It appeared 
that coconut calli were able to accumulate TAG to certain quantities. The reduction of 
rate of growth of callus throughout culture may be considered as a factor influencing 
TAG accumulation (Figure 93), but the presence of other mechanism seems to be likely. 
Tissue differentiation and hormonal control have been extensively reported as important 
driving forces of TAG accumulation (Holbrook et al., 1991, 1992; Mhaske and Hazra, 
1994; 1998; Madakadze and Senaratna, 2000). 
The content of NEFA in coconut calli increased consistently throughout the periods of 
incubation being accumulated at higher rates when the tissue started to fail to 
incorporate lauric acid into TAG (Figure 92). The coconut calli became progressively 
brown throughout culture and eventually died at the end of the culture (i.e. after 42 days 
of culture; Figure 93). Lauric acid is found in many types of seed to be able to act as a 
membrane destabilising detergent. An accumulation of this fatty acid in the bilayer 
membrane results eventually in its solubilisation. Therefore, species that accumulate 
high levels of short to medium chain storage lipids must have rigorous mechanisms to 
ensure their channelling in the ER membrane towards the formation of TAGs and away 
from membrane lipids (Murphy, 2001). In this context, coconut callus may have been 
hypersensitive to lauric acid, represented in the proportion of NEFA, and increasing 
contents in tissue resulted in browning and death of the callus. 
In all tested conditions for feeding the coconut calli, lauric acid was also incorporated 
into PL and DAG in minor quantities. The presence of the former lipids in coconut calli 
can be explained by the membrane requirement for cell division during culture (Warren 
and Fowler, 1979; Tumham and Northcote, 1984). As the rates of growth were low 
(Figure 93), reduced quantities of PL were required to be synthesised by the coconut 
calli. DAG is a precursor of TAG and some glycerophospholipids so that the reduced 
content of DAG in coconut calli resulted from an increased rate of synthesis of TAG 
accompanied by the synthesis PL (Tsai and Kinsella, 1982; Moore, 1982; Alhcnstaedt 
and Daum, 1999; Salas et al. 2000). 
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After reducing the concentration of 2,4-D to 0.15 mM and subculturing the tissue for 6 
months, some regions of coconut callus formed conglomerates of cells called 
meristematic centres. It has been reported that the globular somatic structures or 
proembryos originate from thick-walled single cells from the meristematic centres 
(Chan et al, 1998). 
Calli treated for predetermined times with laurate following by ABA formed more 
defined meristematic centres and proembryos than calli from the control or treated with 
laurate or ABA alone (Plate 30). More strikingly, not fully-developed somatic embryos 
were derived from calli which were further incubated with laurate after being treated 
with laurate and ABA. This finding suggests that the supplied lauric acid, mainly 
incorporated into TAG, in association with ABA, promoted the differentiation of 
coconut calli and the formation of somatic embryos most effectively at the early stages 
of embryogenesis. 
Recently, it has been reported that treatments of ABA at the concentration used in the 
present work improved the formation of somatic embryos but their grade of 
development and the rates of plantlet conversion still demand significant improvements 
(Fernando and Gamage, 2000). In oil palm, cells at certain positions in the callus were 
stimulated to differentiate into embryoids by triacylglycerol and fatty acids. An 
increased rate of cell division was associated with the appearance of meristematic 
regions from which such embryiods originated (Tumham and Northcote, 1982). 
Coconut calli could have utilised TAG, derived from lauric acid metabolism, as source 
of DAG and phosphatidic acid, via lipid turnover, for synthesis of membranes of cells of 
meristematic centres and proembryos, in addition to degrading the glycerolipid to 
provide energy for differentiation. The collaborative participation of ABA with laurate 
for the formation of coconut proembryos and rudimentary somatic embryos may rely on 
its effects on inducing the expression of specific-embryogenesis genes and proteins, 
stimulating the activity of enzymes involved in the synthesis of TAG and increasing the 
synthesis of proteins associated with entities accumulating TAG (i.e. oil-body 
associated proteins; Feirer et al., 1989; Dutta and Appelqvist, 1991; Dutta et al., 1991; 
Hoi brook et al., 1991; Attree et al., 1992, 1995; Mhaske and Hazra, 1994; Carrier et al, 
1997; Crowe et al., 2000). ABA could also have interacted with the supplied lauratc by 
improving the effects of the derived complex lipids, particularly TAG, in the different 
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mechanisms that control the early stages of embryogenesis and embryo maturation in 
plant tissue (Faure and Aarrouf, 1994). 
The additional incubation of coconut calli with laurate improved the effects of the prior 
incubations of the fatty acid and ABA. It is possible that a permanent supply of lauric 
acid is required during somatic embryogenesis and that some stages are more 
demanding than others. Further research should be undertaken to detect these critical 
stages as well as the quantitative requirements for lauric acid. 
Interestingly, laurate together with ABA affected the formation of meristematic centres, 
proembryos and somatic embryos even though sufficient quantities of energy, as 
sucrose, were provided. Although lipids can also be synthesised from sucrose, it is 
possible that the prompt supply of fatty acid could cause an increase in the synthesis of 
total lipids or alter the content of individual lipid classes, for instance high proportions 
of TAG, and fatty acids which promoted differentiation and embryogenesis. It has been 
reported that callus of some oil-accumulating species, such as rapeseed and cocoa, are 
able to use lauric acid directly as precursor of oleic acid and other long-chain 
monounsaturated fatty acids through a plastid acyl-ACP pathway (Tsai and Kinsella, 
1982; Cahoon and Ohrogge, 1994). The latter types of fatty acids together with an 
elevated accumulation of TAG were associated with the maturation of zygotic and 
somatic embryos of rapeseed. Results of the chapter 3 also demonstrated that lauric acid 
is mainly transformed into long-chain fatty acids which can satisfy the differential 
demand for particular complex lipids throughout seedling development. A time-course 
experiment monitoring the synthesis of fatty acids and complex lipids by supplying 
radioactive laurate, acetate and sucrose may provide better understanding of the 
mechanism that the above fatty acid follows to promote differentiation and 
embryogenesis. 
The long-term subculture of callus leads to a condition of habituation (i.e. capability of 
the callus to grow in the absence of added auxin and cytokinin). In most eases 
habituated cells keep their totipotency which enables them to regenerate roots, buds, or 
somatic embryos (Schmitt et al., 1994; Bennici and Bruschi, 1999; Limanton-Grcvcl <?/ 
al., 2000). In some culture conditions, especially high concentrations of 2,4-D, callus 
cells transcend from their habituation condition to a stage of neoplastic progression. 
Such a stage is characterised by a nuclear instability and high levels of polyploidy, 
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chromosomal aberrations and mutations (Brown, 1988; Lee and Phillips, 1988; 
LoSchiavo et al, 1989; Limanton-Grevet et al, 2000). Eminently callus cells lose their 
capacity to organise meristematic centres, thus their totipotency (Crevecoeur et al., 
1992). Coconut calli are induced and proliferated continuously at high concentrations of 
2,4-D. The elevated accumulation of 2,4-D and its metabolites (showed by results of 
Chapter 4) might directly arrest the induction of embryogenesis or indirectly cause to 
the cells to enter to a stage of neoplastic progression. Higher percentages of formation 
of somatic embryos are obtained using callus three months old (Fernando and Gamage, 
2000), although callus subcultured for more than 8 months are able to undergo 
embryogenesis and, subsequently, regeneration of plants as well (Verdeil et al., 1994). 
Therefore, the use of long-term callus might have lessened the promoting effects of 
laurate and ABA on coconut somatic embryogenesis at the present work. Further 
improvements may still be possible to attain if ready induced coconut calli are used in 
future experiments. 
To understand the role of ABA and lauric acid in somatic embryogenesis better, further 
biochemical investigations are necessary. Subcellular fractionation combined with 
isotopic labelling could be carried out in order to study lipid biosynthesis and especially 
fatty acid desaturation and elongation in microsomes and plastids during somatic 
embryo development (Reidiboym-Talleux and Grenier-De March, 1999). Treatment 
with non-permeating osmoticum, such as high molecular weight polyethylene glycol, 
and lipid-related hormones, such jamonic acid, might improve the embryogenic effects 
of laurate and ABA (Zemskaya et al., 1989; Hoi brook et al., 1991; Reinbothe et al., 
1994; Attree et al., 1995; Tokuji et al., 1995; Watemack et al., 1998). The study of 
expression of embryogenesis-associated genes as well as oil-body protein genes can 
become the link to understand the effects of ABA combined with laurate and coconut 
somatic embryo development (Crowe et al., 2000). 
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5.5. Conclusions. 
The optimal pH, laurate concentration in the culture medium and length of incubation 
period for the incorporation of the fatty acid into complex lipids was 6.6, 10 mM, and 
12 days, respectively. Triacylglycerol was the major complex lipid derived from the 
metabolism of lauric acid. 
Treatments for predetermined times with laurate followed by ABA increased the 
formation of meristematic centres and proembryos in long-term coconut calli. Coconut 
calli which were additionally incubated with laurate after being treated with laurate and 
ABA produced a reduced number of not-fully developed somatic embryos. 
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Chapter 6 
General discussion and conclusions 
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6. General Discussion and conclusions. 
6.1. General Discussion. 
The work presented in this thesis has shown that normal development of coconut 
seedlings derived from germination of intact nuts is accompanied by an accumulation of 
lauric acid in their organs (i.e. shoots, roots and haustorium). The fact that the seedlings 
which grew in vitro did not accumulate lauric acid in any of their organs and failed to 
develop haustoria suggested that this lipid may be used as a marker for normal 
development. That the lauric acid also plays a physiological role as a substrate in 
germination was demonstrated by further studies in vitro in which zygotic embryos and 
seedlings were fed with the fatty acid. Lauric acid supplied after 80 days of culture at a 
concentration of 2 mM promoted the development of haustorium as well as increasing 
the growth of the other organs (i.e. shoots and roots). Even though our results suggested 
that lauric acid is a reliable marker for coconut embryogenesis, more sensitive markers 
may come from the use of probes for RNAs of key enzymes in the synthesis of lauric 
acid-containing lipids (Davies, 1983; Davies et aL, 1995a,b; Voelker et al, 1997). 
The mechanisms by which lauric acid affected the development of coconut seedlings 
were not entirely clear, but its role as precursor of saturated and unsaturated fatty acids, 
mainly with the aliphatic chain longer than 12 C, and complex lipids required for plant 
growth seemed to be central. High quantities of lauric acid were absorbed by 
haustorium and incorporated into triacylglycerol (TAG), and into polar lipids (PL). 
Growth of shoots was accompanied by an increase in its synthesis of PL at the expense 
of a decrease in the content of TAG and NEFA in haustorium. 
The question of why seedlings cultured in vitro with sufficient quantities of sucrose and 
no lauric acid did not appear to be able to develop haustorium is perplexing. 
Furthermore, the synthesis of fatty acids and complex lipids derived from the 
metabolism of lauric acid increased with increasing concentrations of the fatty acid in 
the medium, even in the presence of high quantities of sucrose in the medium. The 
prompt supply of lauric acid may have allowed to direct elongation of the fatty acid into 
longer chain fatty acids and complex lipids. It has been reported that callus of some 
oil-accumulating species, such as rapeseed and cocoa, are able to use lauric acid directly 
as precursor of oleic acid and other long-chain monounsaturated fatty acids through a 
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plastid acyl-ACP pathway (Tsai and Kinsella, 1982; Cahoon and Ohrogge, 1994). In 
this context, it may be that the enzyme activities required to use alternative substrate 
(sucrose) are reduced in the embryo whilst haustorium has in abundance those enzymes 
of pathways involved in the direct utilisation of lauric acid. These changes in enzyme 
activities may reflect the changes in substrate availability at different stages of 
development in intact nuts. A comparative study of the utilisation of [''^CJ-sucrose and 
['"^CJ-lauric acid as precursors of fatty acids may generate biochemical evidence of the 
requirements of lauric acid for coconut embryogenesis. Subcellular fractionation 
combined with enzymatic assays could be carried out in order to study lipid 
biosynthesis (Bafor et al., 1990) and, especially, fatty acid desaturation and elongation 
in microsomes and plasdds during coconut germination and seedling development 
(Reidiboym-Talleux and Grenier-De March, 1999). 
Lauric acid not only promoted normal seedling development but also improved the 
formation of proembryos at the early stages of coconut somatic embryogenesis, 
particularly when the fatty acid was combined with abscisic acid (ABA). As coconut 
calli utilised lauric acid mainly to synthesise TAG and (in minor quantities) PL, it seems 
likely that these complex lipids had affected the formation of proembryos. It has been 
proposed in many other plant species that the former lipid promotes embryo maturation 
whilst the latter is used to fulfil the increased need of membrane synthesis during 
embryo formation (Tumham and Northcote, 1982; Feirer et al., 1989; Dutta and 
Appelqvist, 1991; Williams et al., 1991, 1993; Attree et al., 1992; Mhaske and Hazra, 
1994; Taylor and Vasil, 1996; Carrier et al., 1997). 
In the presence of a high content of TAG, the somatic embryos of many species stop 
their development at early stages (i.e. generally globular stage) to lead to a stage of 
maturation and, consequently, to prevent precocious germination (Cailloux et al., 1996; 
Tumham and Northcote, 1984; Holbrook et al., 1991). In this thesis, the development of 
zygotic embryos was also arrested when lauric acid was supplied in the culture medium 
at early stages of germination. Further studies of metabolism of lauric acid in zygotic 
embryos showed that the fatty acid is predominantly incorporated into TAG, especially 
in those embryos with reduced growth of shoots and roots. Consequently, coconut 
zygodc embryos and proembryos derived from calli may have shared the same 
mechanism to recognise high contents of TAG and, subsequently, control their growth 
and development. 
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The mechanisms by which a high content of TAG derived from lauric acid may induce 
embryo maturation is not completely understood but its roles as a readily available 
energy reserve, as precursor of signalling molecules for hormone transduction and as a 
regulating factor for the expression of embryogenesis genes are currently being studied 
(Salisbury and Ross, 1992; Holbrook et al., 1991; Attree et al., 1992; Mhaske and 
Hazra, 1994; Carrier et al., 1997; Crowe et al., 2000). 
The collaborative participation of ABA with laurate for the formation of coconut 
proembryos may rely on its induction of the expression of specific-embryogenesis genes 
and proteins, stimulating the activity of enzymes involved in the synthesis of TAG and 
increasing the synthesis of proteins associated with entities accumulating TAG (i.e. oil-
body associated proteins; Feirer et al., 1989; Dutta and Appelqvist, 1991; Holbrook et 
al., 1991; Attree et al., 1992; Mhaske and Hazra, 1994; Carrier et al., 1997; Crowe et 
al., 2000). Further research exploring the mechanisms by which laurate, in interaction 
with ABA, affects the formation of coconut somatic embryos may provided better 
understanding of the biochemical process involved in coconut embryogenesis. 
Particularly, the search for specific-embryogenesis genes regulated by both laurate and 
ABA, the study of osmotic treatments (i.e. for instance polyethylene glycol) coupled 
with plant regulators affecting lipid metabolism such as jasmonic acid during the 
feeding of coconut callus with laurate and ABA may result in further improvements of 
coconut somatic embryogenesis (Carrier et al., 1997; Holbrook et al., 1991; 1992; Zou 
et al., 1995; Attree et al., 1995; Crowe et al., 2000). 
Another avenue to improve somatic embryogenesis was opened in this thesis by 
studying the factors affecting the development of haustorium of zygotic embryos in 
vitro. It has been reported that the development of this organ in somatic embryos is one 
of the steps of a strictly defined sequence of events occurring to obtain complete 
embryogenesis (i.e. haustorium elongation, cauline pole differentiation and root pole 
differentiation; Buffard-Morel et al., 1995). As modifications to the culture medium in 
zygotic embryogenesis in vitro has led to similar improvements of somatic 
embryogenesis in many plant species (Dutta et al., 1991; Chasan, 1993; West and 
Harada, 1993; Zimmerman, 1993; Taylor and Vasil, 1996; Zou et al., 1995), it is likely 
that conditions determined to induce haustorium from zygotic embryos are similar to 
those for haustorium of somatic embryos. Results of this thesis showed that besides the 
central role of lauric acid, other factors such as myo-inositol, NAA, BAP and a 
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non-toxic surface sterilisation protocol significantly promoted haustorium development. 
Combining the above conditions the biggest haustorium produced in vitro was still only 
5% of the size of haustorium growing in intact nuts. The factors interacted with each 
other during haustorium development, but the mechanisms by which they cooperate and 
the precise timing of their participation demand further investigation. 
Reports have shown that coconut haustorium and the seedling as a whole, growing in 
intact nuts, utilise sucrose mainly during the early stages of germination whilst the 
utilisation of lipids, via p-oxidation coupled to the glyoxylate pathway, follows the near 
depletion of the carbohydrate (Balachandran and Arumughan, 1995a,b; Sigimura and 
Murakami, 1990). In the experiments of this thesis, the development of haustorium in 
vitro, independently of the factors in the study, was carried out in high concentrations of 
sucrose in the culture medium. High intracellular concentrations of sucrose may have 
the effect of down-regulating the activity of the enzymes of glyoxylate cycle and, with 
it, the growth of haustorium. Therefore, greater growth of haustorium may be obtained 
by reducing the supply of sucrose at late stages of germination (i.e. possibly after 80 
days of culture). In intact nuts the roots are physically separated from the lipid-rich 
endosperm and the haustorium is responsible for absorption of lipids. In the current 
culture conditions the roots are in contact with the lipids contained in the medium and a 
direct lipid transport from root to shoot may have occurred (Murphy, 2001). This may 
impair the development of the haustorium in vitro. Consequently, the use of especial 
techniques of tissue culture to separate the roots from the culture medium may reduce 
their participation in lipid metabolism and, consequently, stimulate higher growth of 
coconut haustorium in vitro. Supplementation of the culture medium with other 
carbohydrates (such as sorbitol, oligosaccharides and galactomannans contained in the 
liquid and solid endosperm) may also produce stimulatory effects in haustorium growth 
in vitro (White et at., 1989; Mujer et al., 1994 a,b). 
Ultrastructural studies of epithelial cells of haustorium and changes in lipid composition 
in this organ as well as shoots and roots suggested that haustorium is able to transport 
lauric acid after its absorption via a vacuolar movement of solutes from the epithelium 
to the subepithelium. Because haustoria possess an extensive vascular system, it seems 
likely that lauric acid itself, or after metabolism to form a complex lipid, is further 
transported from haustorium to shoots by the reported molecular trafficking in the 
phloem (Thompson and Schuiz, 1999; Murphy, 2001; Madey et al., 2002). However, 
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some reports have proposed, based on enzymatic assays, that coconut haustorium 
converts all lipids from the endosperm to sugars and, then, transports them to shoots and 
roots (Balachandran and Arumugham, 1995a,b). On the other hand, oil palm 
haustorium, because of its lack of lipases, was shown to be able to transport the 
absorbed fatty acids and complex lipids to shoots and roots for their conversion to 
sugars and, subsequently, utilisation for plant growth (Oo and Sumpf, 1979; 1983a,b). 
Further studies to determine the activity of lipases, glyoxylate enzymes and fatty acid 
synthases in shoots and roots is required to assess the concerted participation of these 
organs in the utilisation of lipids during embryogenesis and seedling development of 
coconut. 
Since 2,4-D is one of the key growth factors in coconut somatic embryogenesis, the 
present thesis determined that increasing concentrations of sucrose and the auxin in the 
culture medium increased the accumulation of the plant growth regulator and its 
metabolites in explants. In addition to the glucose ester of 2,4-D, reported in many other 
species, two novel metabolites (Metabolites m and IV) consisting of TAG analogues 
containing elongated forms of 2,4-D were successfully identified in coconut explants. 
These metabolites were associated with high degrees of de-differentiation of coconut 
plumular explants into calli. Coconut plumular explants seemed also to require a 
minimal content of 2,4-D (500 nmoles per gram tissue including metabolites and 
un-conjugated 2,4-D) to reach high differentiation. Based on 2-carbon additions to the 
aliphatic chain of 2,4-D, it seemed that the synthesis of elongated forms followed a 
similar pathway to fatty acid biosynthesis (Linscott et al., 1968; Linscott and Hagin, 
1970; Stuart and McCall, 1992), a problem which may be simply resolved by 
biochemical techniques. A time course experiment assessing the activity of fatty acid 
synthase and acyltransferase enzymes using double labelled 2,4-D (i.e. 2,4-D labelled 
with its ring and methylene group) as precursor may provide stronger evidence of the 
mechanism of synthesis of the non-polar metabolites of 2,4-D containing the elongated 
forms (Dodds, 1991, 1995). Additionally antibody labelling of 2,4-D and its metabolites 
might help to generate some indications of the compartmentalisation of the synthesis of 
the 2,4-D metabolites (Melekhov et al., 1981; Jones et al., 1989; Bartel, 1997; 
Norman I y, 1997). More interestingly, a study assessing the effects of feeding the 
coconut explants with fatty acids, particularly lauric acid, and complex lipids, for 
instance TAG, on the synthesis of the TAG containing 2,4-D metabolites may provide a 
mechanism of regulating the metabolism of 2,4-D in coconut embryogenesis. The use 
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of inhibitors of efflux and influx carriers of 2,4-D and partial substitution of 2,4-D with 
other auxins may also control 2,4-D metabolism in coconut tissue (Chkanikov et al, 
1991; Delbarre et al., 1996; Imhoff et al., 2000). Consequently, the determination of the 
precise role of the 2,4-D metabolites and the establishment of the mechanisms 
controlling the metabolism of the auxin may be paramount to improve coconut somatic 
embryogenesis. 
The combined results of all experiments carried out in this thesis suggested 
modifications of the nutrient medium for coconut somatic embryogenesis so that a 
supply of laurate combined with growth factors such as m^'o-inositol, ABA, NAA and 
BAP, which affect lipid metabolism, should be included throughout culture. The time 
and conditions of supply of the above compounds produced positive results in zygotic 
embryogenesis and, some progress, in somatic embryogenesis. Further efforts should be 
carried out to consolidate the improvements in coconut somatic embryogenesis by this 
lipid supply approach. 
6.2. General conclusions. 
Plumules, radicles and haustoria of coconut germinating in intact nuts grew 
continuously throughout culture, accumulating significant quantities of lauric acid. 
Seedlings growing in vitro, on the other hand, performed sporadically, had small 
haustoria and failed to accumulated lauric acid in their shoots and roots. This finding 
revealed that lauric acid may be used as a marker for normal seedling development of 
coconut. Evidence of its role as nutrient factor was attained in embryogenesis in vitro 
where by feeding embryos with the fatty acid all organs of seedlings began to develop 
in the way that occurred after germination in situ. 
Haustorium development in vitro was promoted by feeding zygotic embryos with lauric 
acid and growth factors such as NAA, BAP and m^^o-inositol, which were also involved 
in the metabolism of the fatty acid. 
Feeding coconut calli with lauric acid combined with ABA improved the formation of 
proembryos during early stages of somatic embryogenesis. Coconut calli were fed with 
laurate at a concentration in the medium (10 mM) and at pH 6.6 for 12 days. ABA was 
supplied to the calli for 5 weeks at a concentration of 5 |J.M. 
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Coconut explants metabolised 2,4-D into polar metabolites, partially constituted by 
glucose esters, and non-polar metabolites constituted by triacylglycerols containing 
elongated forms of 2,4-D. The non-polar metabolites were associated with highly 
de-differentiated calli. 
Modifications of the nutrient medium with the supplementation of lauric acid and 
growth factors improved both zygotic and somatic embryogenesis in vitro. 
6.3. Key recommendations and future prospects. 
Key recommendations and future research work of this thesis have been mentioned 
previously in the individual chapters and in the general discussion. This section aims to 
summarise the points made above. 
In chapter 2, the accumulation of lauric acid in coconut embryonic tissue (i.e. 
haustorium, shoot and roots) was pointed out as a biochemical marker for geimination 
and seedling development. This finding represents a valuable tool for screening the 
germination and plantlet development from coconut somatic embryos to detect those 
individuals which have more potential to regenerate to a complete plantlet. Thus, the 
application of this marker may reduce greatly the number of cultures to be maintained 
and, consequently, the costs during the above stages of somatic embryogenesis. Future 
work should be undertaken to determine markers for the formation of coconut embryos. 
Lipids, particularly lauric acid and triacylglycerols, seem also to be the best candidates 
but some plant hormones, such as abscisic acid, indoleacetic acid and cytokinins (for 
instance zeatin and its conjugates), late embryogenesis genes and genes encoding 
enzymes involved in lipid synthesis should be study as other potential makers. The 
content of above the compounds and expression of genes should be determined on 
various developmental stages of zygotic embryos derived from hand-pollinated nuts. A 
further validation of the selected makers (lipids, hormones or genes) should be carried 
out in coconut somatic embryos. 
Because the formation and elongation of haustorium is an event within the strict 
morphogenic sequence (i.e. haustorium differentiation and elongation, cauline-pole 
differentiation and root-pole differentiation) to obtain complete embryogenesis, the 
factors affecting its development were studied in chapter 3. Using coconut zygotic 
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embryos as a model system, it was determined that 2 mM lauric acid, 2.777 mM 
m)'o-inositol, 0.4 mM BAP and less than 0.1 mM NAA improved the development of 
haustorium in vitro. The supplementation of the culture medium with other compounds 
such as sorbitol, scyllo-mos\to\ and galactomannans, abundant in coconut endosperm, 
may improve the achieved growth of haustorium in this thesis. Therefore, experiments 
studying various concentrations and timing of supply of the above compounds should 
be undertaken in future work. The timing of supply lauric acid and sucrose, the 
routinely added source of energy of coconut culture, should be also investigated as these 
two compounds seemed to cause negative effects in haustorium growth when added 
simultaneously. 
Because zygotic and somatic embryogenesis shared a large number of characteristics, 
lauric acid and the growth factors should be included in the culture medium during 
somatic embryogenesis to improve plant regeneration, as effects of an enhancement on 
haustorium development. Future experiments on somatic embryogenesis should be 
established to determine the optimal concentrations of those compounds as well as the 
timings of supply during the various stages of culture. The biochemical mechanism by 
which lauric acid can increase embryogenesis should be investigated in embryonic 
tissue by assessing the activity of enzymes involved the biosynthesis of fatty acid and 
complex lipids, particularly triacylglycerols and phospholipids. Radiolabelling and 
immunolabelling should couple the above studies to obtain better understanding of the 
metabolism of the fatty acid and its compartmentalisation. 
The study of the uptake and metabolism of 2,4-D, a key plant regulator for coconut 
somatic embryogenesis, showed that the auxin is metabolised into glucose esters, 
peptide conjugates and triacylglycerol analogs containing elongated forms. Even though 
triacylglycerols analogs were associated with the de-differentiation of coconut explants, 
future research is required to assess the auxin activity and physiological and 
embryogenic significance of all of 2,4-D metabolites. Immunoassays and the chemical 
synthesis of the metabolites using radiolabelling are key techniques to study the 
metabolism and compartmentalisation of 2,4-D. Because both uptake and metabolism 
were processes dependent on the period of culture and concentration of 2,4-D and 
sucrose in the culture medium, a first mechanism to control 2,4-D metabolism may be 
the manipulation of the above variables. Results of this thesis showed sucrose and 2,4-D 
concentrations lower than 0.116 M and 0.4 mM, respectively, had negative effects in 
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explant de-differentiation in a 30-days period of culture. So that, these conditions should 
be kept in the above limits when manipulation of 2,4-D metabolism is attempted during 
callus induction. The effects of 2,4-D metabolism should be studied in latter stages (i.e. 
formation of somatic embryos and plantlet regeneration) of somatic embryo genesis as 
well as the use of drugs, particularly phytotropins which inhibit or promote the activity 
of influx and efflux auxin transporters. 
Two incubations of 12-days culture period of long-term coconut calli in MS medium 
(pH 6.6) supplemented with 10 mM lauric acid, intercaled by an incubation of 45-days 
culture period in medium (pH 6.6) supplemented with 5 )liM ABA enhanced the 
formation of proembryos and produced "rudimentary" somatic embryos. Using the 
same culture conditions, new experiments should be undertaken with readily produced 
coconut callus (i.e. 3-months old coconut callus derived from plumules or immature 
zygotic embryos). Treatments involving non-permeating osmoticum (i.e. high molecular 
weight polyethylene glycol) and the supplementation of jasmonic acid should also be 
included in future work. 
In conclusion, a number of improvements in the methods for promoting the 
development of haustorium, a key organ in germination and seedling development, were 
achieved in the culturing of coconut in vitro. Furthermore, a biochemical marker (i.e. 
lauric acid) for these stages was identified to enable the screening of cultures for plant 
regeneration. Adding lauric acid into the culture medium increased the formation of 
proembryos which resulted in an enhancement of coconut embryogenesis. Ways in 
which coconut somatic embryogenesis can be improved further are suggested but future 
investigations are required before a reliable and reproducible method can be perfected. 
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Appendix Table 1. Fatty acid composition of plumule from zygotic embryos germinated in ex vitro conditions. Results are expressed as as mole 
and total amounts of fatty acid in whole plumule. 
Days of 
culture 
% Mole Total fresh 
weight 
(g/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.55 ± 0.56a 1 .82±0.21ab 1.52 ± 0.17a 15.02 ± 1.21ab 9.60 ± 0.24ab 32,90 ± 1,16ab 23,45 ± 0,81a 8,60 ± 1,11a 5,68 ± 0,10c 0,84 ± 0,04a 0,002 ± 0,00d 
30 0.70 ± 0,98a 0.58 ± 0.43 b 0.16 ± 0.22 b 5.15 ± 3.07c 3,48 ± 1.19b 33,35 ± 2,39a 12,99 ± 0,77b 8.11 ± 0,53a 28,31 ± 4,83a 7,15 ± 0,85a 0,242 + 0,24d 
60 0.00 ± 0.00a 1.89 ± 0.68a 1.30 ± 0.75ab 14.18 ± 5.33b 7.25 ± l,99ab 26,45 ± 4,35bc 10,86 ± 4,07b 9,24 ± 2,37a 22 ,32+ l,87ab 6,47 + 0.60a 2,126 +0 .15c 
90 0.00 ± 0.00a 1 .59±0 .25ab 1.79 ± 0.37a 13.64 ±2 .59bc 6,74 ± l,60ab 25,63 ± 0,67c 8,74 ± 2,59b 10,40+ 1,98a 24,01 ± 4,77ab 7.42 ± 1,06a 4,54 + 0,62b 
120 0.00 ± 0.00a 0.98 ± 0.50ab 2.21 ± 0.25a 23.13 ± 0.97a 11,45 ± 4,37a 21,87 ± 1,37c 6,93 ± 0,24b 10,47 ± 1,54a 16,37 ± 2,34ab 6,57 ± 3,49a 9 , 0 4 2 + 1,10a 
Days of 
culture 
Total amount of fatty acids in plumule 
(mg/nut) 
Total amount 
of fatty acids 
(mg/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0,000 ± 0,00a 0,001 ± 0,00a 0,001 ± 0,00b 0,010 +0,00b 0,007 ± 0.00a 0.029 ± 0.00b 0.023 ± 0.00a 0.008 iO.OOb 0.005 ± 0.00c 0.001 ± 0.00c 0.087 ± O.Ob 
30 0,008 ± 0,01a 0,003 ± 0,00a 0,002 ± 0,00b 0,077 + 0,09b 0,053 ± 0,05a 0.478 + 0.42b 0.219 ± 0.20a 0.136 ±0.13b 0.421 ± 0.34bc 0.113±0.11bc 1.399 + 1.2b 
60 0,000 ± 0,00a 0,173 ± 0,07a 0.134 ±0,06ab 1,732 ± 0,70b 1.000 ± 0,33a 4.100 ± 1.18ab 1.926 ± 0.99a 1.649 ±0.90ab 3.744 + 0.85abc 1.017 ± 0.29abc 14.46 ±4.3ab 
90 0,000 ± 0,00a 0,163 ± 0.08a 0.253 ± 0.22ab 2.202 ± 1.90ab 1.256 ± 1.13a 4.864 ± 3.40ab 2.057 ± 1.96a 1.970 ±0.94ab 4.474 + 1.99ab 1.343 ± 0.76ab 17.24 ± 11.6ab 
120 0.000 + 0.00a 0,195 ± 0,16a 0.481 ± 0.21a 5.711 + 2,05a 3.432 ± 2.44a 6.691 ± 1.83a 2.388 ± 0.87a 3.606 ±1.40a 5.397 ± 1.23a 1.826 + 0.43a 27.90 ± 9.9a 
w LA VO 
Appendix Table 2. Fatty acid composition of coleoptile from zygotic embryos germinated in ex vitro conditions. Results were expressed as mole % 
and total amounts of fatty acids in whole coleoptile. 
Days of 
culture 
% Mole Total fresh 
weight 
(g/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.22 ± 0.19 b 0.76 ± 0.52a 0.93 ± 0.82a 6.66 ± 0.18 b 5.71 ± 0.39 a 33.30 ± 3.90a 10.06 ± 6.18 23.51 ± 6.55a 18,48 ± 2.87ab 0.33 ± 0 . 3 l a b 0.042 ± 0.01b 
30 1.07 ± 0 . 4 7 a 1.23 ±0 .15a 1.12 ± 0.38a 8.19 ± 5.04 b 5.03 ± 2.29 a 31 .78+ 2.25a 13.04 ± 3.29 7.38 ± 0.48b 24.88 ± 1.21a 6.27 ± 0.04a 1.177 ± O.Ola 
60 0.00 ± 0.00 b 1.40 ± 0.28a 1.73 ± 0.61a 15.11 ± 8 . 4 7 ab 7.95 ± 2.80 a 29.09 ± 5.74a 12.00 ± 4.27 6.69 ± 0.83b 21.06 ± 3.80ab 4 . 9 4 + 1.62ab 1.650 ± 0.55a 
90 0.00 ± 0.00 b 2.48 ± 0.97a 2.26 ± 0.22a 18.07 ± 1.42 ab 8.49 ± 0.34 a 24.29 ± 2.49a 7.65 ± 1.69 9.53 ± 0.34b 23.15 ± 1.30ab 4.07 ± 3.52ab 1.454 ± 0.25a 
120 0.00 ± 0.00 b 0.66 ± 0.75a 2.42 ± 0.57a 25.33 ± 5 . 5 2 a 9.03 ± 1.33 a 23.12 ± 3.06a 8.55 ± 1.94 8.91 ± 0.43b 16.65 ± 2.75b 5.29 ± 0.87b 1.369 ± 0.27a 
Days of 
culture 
Total amount of fatty acids in coleoptile 
(mg/nut) 
Total amount 
of fatty acids 
(mg/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.001 ± 0.00b 0,004 ± 0,00b 0,005 ± 0,00a 0,053 ± 0.01a 0.051 ± 0.01a 0.343 ± 0.10b 0.102 ± 0.03c 0.272 ± 0.12a 0.199 ± 0.02b 0.003 ± 0.00b 1.033 ± 0.2b 
30 0.027 ± 0,00a 0,038 ± 0,00ab 0.040 ± 0,00a 0,369 ± 0.27a 0.254 ± 0.15a 1.706 ± 0.18ab 0.760 ± 0.05b 0.439 ± 0.10a 1.458 ± 0.19ab 0.342 ± O.OSab 5.093 ± 0.8ab 
60 0.000 ± 0,00a 0,083 ± 0,03a 0,129 ± 0.10a 1,463 ± 1.44a 0.806 ± 0.67a 2.793 ± 0.92a 1.201 ± 0.22a 0.743 ± 0.39a 2.312 ± 1.03a 0.541 ± 0.32a 9.535 ± 4.6a 
90 0,000 ± 0,00a 0,054 ± 0,00ab 0.063 ± 0.02a 0,577 ± 0.14a 0.310 ± 0.09a 1 .016± 0.43b 0.362 ± 0.19bc 0.432 ± 0.15a 1.045 ± 0.39ab 0.138 ±0.12ab 3.860 ± 1.4ab 
120 0,000 ± 0,00a 0,016 ± 0,02b 0,065 ± 0.02a 0.770 ± 0.23a 0.313 ± 0.10a 0.876 ± 0.14b 0.359 ± 0.09bc 0.371 ± 0.05a 0.678 ± 0.01b 0.201 ± 0.02ab 3.451 ± 0.5ab 
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Appendix Table 3. Fatty acid composition of haustorium from zygotic embryos germinated in ex vitro conditions. Results were expressed as mole % 
and total amounts of fatty acids in whole haustorium. 
Days of 
culture 
% Mole Total fresh 
weight 
(g/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.30 ± 0.40a 4.54 ± 1.44a 3.20 ± 0.47ab 27.14 ± 6.39a 12.79 ± 3.10a 22.13 ± 2.10a 3.42 ± 0.41a 20.42 + 4.44a 5,89 ± 1.91a 0.13 ± 0.06b 0 , 0 4 0 ± 0 . 0 0 3 c 
30 0.59 ± 0.21a 4.35 ± 1.11a 2.67 ± 0.57b 24.66 ± 3.88a 13.19+ 2.43a 20.94 ± 2.49a 6.26 ± 1.62a 8.73 + 0.56b 17.21 + 6.14a 1.36 +0 .27a 2 . 9 6 4 ± 3 . 1 7 0 b c 
60 0.79 ± 0.02a 7.35 ± 1.03a 4,53 ± 0.53a 32.83 ± 3.53a 15.68 ± l . l l a 15.84 ± 1,06a 5,44 ± 0.91a 8.40 + 2.52 b 8.66 ± 3.47a 0.46 ± 0.07b 18 .54 + 2 .502bc 
90 0.48 ± 0.12a 5.36 ± 2.76a 4.03 ± 0.68ab 30.16 +3 .52a 15.30 ± 0.99a 17.55 ± 2.61a 6.22 + 0.56a 10.04+ 1.70b 10.29 ± 3.34a 0,54 ± 0 . 1 lb 2 1 . 1 9 ± 7 .02b 
120 0.33 ± 0.29a 5.87 ± 0.73a 3.98 ± 0.17ab 31.63 ± 1.53a 15.72 ± 0.51a 17.30+ 1.25a 6.29 + 1,30a 10.09 + 2.25b 8.21 ± 1.47a 0.55 ± 0,20b 4 4 . 8 3 ± 14 .21a 
Days of 
culture 
Total amount of fatty acids in haustorium 
(mg/nut) 
Total amount 
of fatty acids 
(mg/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.003 ± 0.00a 0.065 ± 0.00a 0.056 iO.Olab 0.551 ± 0.22b 0.294 ± 0.12b 0.552 + 0.04c 0.096 ± 0.02c 0.552 ± 0.02b 0.157 ± 0.02b 0.003 ± 0.000a 2.327 ± 0.3c 
30 0.184 ± 0.26a 1.599 ± 2.28a 1.107 ± 1.54b 11.336 ±15.68b 7.090 ±10.02b 9.798 ±12.49bc 4.071 ± 5.55bc 4.683 ± 6.08b 6.794 ± 7.46ab 0.599 ± 0.738a 46.66 ± 61.3bc 
60 0.996 ± 0.05a 11.254 ± 1.94a 8.167 ± 1.24a 68.150 ± 9.56a 36.85 ± 3.81a 41.44 ± 1.41 ab 15.800 ± 3.15ab 24.000 ± 6.44ab 24.538 ± 9.1 lab 1.236 ± 0.163a 231.211 ±2.7bc 
90 0.479 + 0.25a 6.872 ± 5.73a 5.862 ± 3.00ab 51.441 ± O.Uab 29.34 ±14.21ab 36.25 ±15.44ab U.181±5.66abc 22.359 ± 8.71ab 23.472±13.43ab 1.123 ± 0.452a 190.26 ± 84.0b 
120 0.524 ± 0.45a 10.915 ± 2.80a 8.634 ±1.29ab 78.942± 10.75a 44.57 + 7.44a 54.45 ± 6.56a 21.813 ± 4.30a 35.687 ±13.55a 27.781 ± 1.56a 1.713 ± 0.457a 283.33 ± 41.5a 
w 
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Appendix Table 4. Fatty acid composition of radicle from zygotic embryos germinated in ex vitro conditions. Results were expressed as mole % and 
total amounts of fatty acids in whole radicle. 
Days of 
cu l tu re 
% Mole 
6:0 8:0 10 :0 12 :0 14:0 16 :0 18:0 18:1 18:2 18:3 
Tota l f resh 
we igh t 
(g/nut) 
30 
60 
90 
120 
0.800 ± 0.84a 
0.060 ± 0.08a 
0.296 ±0 .51 a 
0.000 ± 0.00a 
1.000 ± 0.56 b 
1.585 ± 0.16ab 
2.616 ± 0.38a 
0.830 ± 0.07b 
1.246 ± 1.32a 
1.530 ± 1.07a 
3.273 ± 1.04a 
2.070 ± 0.42a 
6.25 ± 2.85b 
l l . 6 9 ± 2 . 8 9 a b 
21.71 ± 5.84a 
12.91 ± 0.67b 
4.02 ± 1.79a 
6.66 ± 1.54a 
8.68 ± 1.27a 
7.53 ± 1.19a 
31.93 ± 1.48a 
31.33 ± 0.94a 
24.15 ± 0.62a 
28.79 ± 7.39a 
11.93 ± 4.62a 
14.39+ 1.19a 
9.14 ± 2.45a 
15.22 ± 4.37a 
3.37 ± 0.85a 33.68 ± 11.49a 5.75 ± 1.44a 0.328 +0 .31b 
7.43 ± 0.48a 21,42 ± 2.43a 3.89 ± 0.18a 1.449 ±0 .46ab 
5.37 ± 0.63a 21.91 ± 6.69a 2.82 ± 1.34a 5.484 ±0.95ab 
8.05 ± 4.73a 17.93 + 1.37a 6.63 ± 5.63a 8.720 ± 4.47a 
Days of 
cu l tu re 
Tota l a m o u n t of fa t ty ac ids in rad ic le 
(mg/nut) 
6:0 8:0 10 :0 12 :0 14:0 16 :0 18:0 18:1 18:2 18:3 
Tota l amoun t 
of fa t ty ac ids 
(mg/nut ) 
30 0.005 ± 0.00a 0.006 ± 0.00b 0.007 ± 0.00b 0.056 ± 0.03b 0.041 ± 0.02b 0.531 ± 0.57b 0.167 ± 0.13b 0.051 + 0.043b 0.758 ± 0.93a 0.116 ± 0.14a 1 .625 ± 1 .76c 
60 0.003 ± 0.00a 0.077± 0.03b 0.073 ± 0.02ab 0.719 ± 0.12b 0.465 ± 0.08b 2.579 ± 1.1 lab 1 . 3 2 2 ± 0 . 6 3 a b 0.674 ±0 .31 lb 1 .953± 0.98a 0.324 ± 0.14a 7 . 8 6 8 ± 3 .26bc 
90 0.024 ± 0.04a 0.252 ± 0.05a 0.365 ± 0.11a 2.772 ± 0.43a 1.298 + 0.36a 4.144 ± 1.48ab 1 .729±0 .69ab 1.013 + 0.416ab 4.407 ± 2.85a 0.547 + 0.40a 1 6 . 0 0 ± 6 . 0 7 a b 
120 0.000 ± 0.00a 0.117 ± 0.04b 0.349 ± 0.16a 2.453 ± 0.79a 1 .575± 0.18a 7.107 ± 3.64a 4.168 ± 2.25a 1.934 +0 .660a 4 . 6 1 0 + 0.91a 1.413 ± 0.91a 22.31 + 7 . 3 3 a 
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Appendix Table 5. Fatty acid composition of solid endosperm from mature nuts germinated in ex vitro conditions. Results were expressed as mole % 
and total amounts of fatty acids in solid endosperm. 
Days of 
culture 
% Mole Total fresh 
weight 
(g/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 1.1 ± 0.24a 9.23 ± 0.27a 6 . 0 8 + 0.14a 46.4 ± 1.03a 18.03 ± 0.16a 8.97 + 0.39a 2.62 ± 0.09a 5.90 ± 0.93a 1.52 ± 0.19a 0.013 ± 0.005a 326.4 ± 65.2a 
30 1.07 ± 0.06a 8.99 ± 0.65a 5.76 +0 .37a 45.1 + 1.28a 19.26 ± 0.86a 9.55 +0 .75a 2.67 ±0 .15a 5.95 ± 0.24a 1.55 + 0.19a 0.016 +O.Ola 309.2 + 23.2a 
60 2.21 ± 1.78a 9.86 ± 0.29a 6.06 + 0.44a 44.8 ± 2.58a 18.40 ± 0.99a 9.02 ± 0.92a 2.57 ± 0.22a 5.33 ± 0.57a 1.58 ± 0.50a 0.013 ± 0.005a 300.4 ±33. lab 
90 1.21 ± 0.12a 9.41 ± 1.01a 5.96 ± 0.38a 44.6 ± 0.50a 18.35 ± 1.19a 9.52 ± 0.21a 2.54 ± 0.07a 6.57 ± 0.84a 1.73 ± 0.32a 0.00 ± 0.00a 189.1± 44.6b 
120 1.16 + 0 21a 9.18 ± 0.69a 5.97 + 0.36a 45.7 ± 1.56a 18.39 ± 0.31a 9,25 ± 0.68a 2.52 ± 0.10a 6.01 ± 0.91a 1.72 ± 0.33a 0.04 ± 0.02a 263.3 ± 34.3ab 
Days of 
culture 
Total amount of fatty acids in solid endosperm 
(g/nut) 
Total amount 
of fatty acids 
(g/nut) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.66 ±0.08a 6.45 ± 1.40a 5.01 ± 1.08a 43.97 ± 9.49a 19.40 ± 4.63a 10.85 ± 3.50a 3.50 ± 0.94a 7.96 ± 3.21a 2.02 ± 0.68a 0.01 + 0.01a 99.8 ± 24.5a 
30 0.57 ±0.11a 5.82 ± 1.25a 4.38 ± 0.85a 39.45 + 6.04a 18.97 ± 2.05a 10.48 ± 1.06a 3.25 ± 0.47a 7.18 ± 0.90a 1.84 ± 0.12a 0.01 ±0.01 a 92.0 ± 12.3a 
60 1.15 ± 1.00a 6.10 ± 1.14a 4.43 ± 1.01a 37.72 ± 7.98a 17.40 ± 2.09a 9.43 ± 0.70a 2.98 ± 0.30a 6.10±0.43ab 1.76 ± 0.26a 0,01 ± 0.002a 87.1 ± 13.6a 
90 0.23 ± 0.07a 2.24 ± 0.75b 1.66 ± 0.44b 14.29 ± 3.43b 6.71 ± 2.02b 3.86 ± 0.97b 1.14 ± 0.32b 2.85 ± 0.31b 0.73 ± 0.02b 0.001 ± 0,0008a 33.8 ± 8.3b 
120 0.24 ± 0.04a 2.40 ± 0.26b 1.84±0.19b 16.20 ± 1.31b 7.37 ± 0.29b 4.13 ± 0.12b 1.24 ± 0.01b 2.93 ± 0.32b 0.83 ± 0.12b 0.020± 0.01a 37.2 ± 1,4b 
w OS OJ 
Appendix Table 6. Fatty acid composition of liquid endosperm from mature nuts germinated in ex vitro conditions. Results were expressed as mole % 
and total amounts of fatty acids in liquid endosperm. 
Days of 
culture 
% Mole Total fresh 
weight 
(g) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 1.22 ± 0.49a 6.86 ± 2.06a 4.19 ± 1.35b 37.63 ± 5.15a 20.07 ± 1.61a 14.98 ± 3.13a 5.76 ± 1.95a 7.66 ± 2.31a 1.59 +0 .38a 0.00 ± 0.005a 171.3 +28.9a 
30 4.99 ± 7.02a 8.11 ± 1.31a 4.91 ± 0.68ab 38.80 ± 3.17a 18.00 ± 0.89a 11.45 ± 1.25a 4.19 +0 .43a 8.13 ± 0.90a 1.34 ± 0.34a 0.04 + 0.05a 150.3 ± 53.2a 
60 1.09 ± O.Ola 11.77 ± 1.43a 6.52 ± 0.78a 43.09 ± 2.26a 17.25 + 1.01a 9.26 ± 1.30a 3.71 ± 0.50a 6.29 ± 1.31a 0.97 ± 0.48a 0.02 ± 0.02a 180.6 +92.2a 
90 1.00 ± 0.15a 7.52 ± 5.32a 6.24 + 0.58ab 42.40 ± 2.33a 18.13 ± 1.50a 11.11 ± 1.17a 4.16 ± 0.40a 8.40 ± 0.92a 0.99 ± 0.12a 0.00 ± 0.00a 138.0 ± 15.0a 
120 9.26 ±14.37a 8.82 ± 1.17a 4.99 ± 0.36ab 35.90 ± 2.65a 17.11 ± 3.21a 11.47 ± 3.92a 4.09 ± 1.36a 7.10 ± 2.41a 1.23 ± 0.76a 0.00 ± 0.00a 119.3 ± 36.8a 
Days of 
culture 
Total amount of fatty acids In liquid endosperm 
(mg/nut) 
Total amount 
of fatty acids 
(g) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.17 ± 0.08a 1.22 ± 0.71a 0.89 ± 0.55a 
30 2.88 ± 3.46a 8.56 ± 5.84a 6.05 ± 3.99a 
60 0.67 ± 0.44a 9.08 ± 6.54a 5.93 ± 4.34a 
90 0.55 ± 0.18a 6.19±5.42a 5.06+ 1.95a 39.57 ± 14.49a 18.99 ± 6.34ab 12.93 ± 4.00ab 5.49 ± 2.40ab 10.90+4.00 ab 1.258 + 0.36b 0.002 ± 0.00a 100.7 ± 38.7a 
120 1.68 ± 2.82a 1.11+0.81a 0.73 + 0.54a 5.91 ± 4.14a 3.03 ± 1.80b 2.05 ± 0.89b 0.83 ± 0.39b 1.38 ± 0.61b 0.206 ± 0.04b 0.00 ± 0.00a 16.97 ± 11.71a 
8.89 ± 3.98a 5.19±1.50ab 4.17 ± 0.48b 1.72 ± 0.13ab 2.30 ± 0.23b 0.484 ± 0.08b 0.00 ± 0.00a 
53.95 ±32.12a 28.10 ±16.06a 19.37 ± 9.24a 7.94 ± 4.09a 15.13 ± 7.39a 2.348 ± 0.73a 0.06 ± 0.06a 
43.85 ± 29.85a 19.02 ± 1.17ab 10.96 ± 5.71ab 4.93 ± 2.63ab 7.92 ± 3.82ab 1.059 + 0.30b 0.03 + 0.03a 
25.07 ± 7.2a 
144.3 ± 77.3a 
103.4 ± 64.4a 
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Appendix Table 7. Fatty acid composition of plumule from zygotic embryos germinated in in vitro conditions. Results are expressed as as mole % and 
total amounts of fatty acid in whole plumule. 
Days of 
culture 
% Mole Total fresh 
weight 
(mg) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.00 ± 1.39a 2.37 ± 0.94a 2.99 ± 1.30a 8 .43±3 .17ab 6.19 ± 0.54a 35.65 ± 1.75a 26.60 ± 10,30a 10.75 ± 9.56a 5 . 4 8 ± 2 . 9 1 d 0.00 ± 0,00a 1,6 + 0,5b 
15 0.38 ± 0.66a 1.49 ± 0.28a 1.36 ± 1.78a 3.81 ±2 .24bc 4.86 ± 2.98a 33.10 ± 5.98a 24.94 ± 6.05a 7.85 ± 2.72a 14.08 ± 3.95c 4.36 ± 3.58a 18,0+ 14.4b 
30 1.64 ± 0.42a 1.68 ± 0.65a 1.44 ± 0.63a 2.88 ± 0.61c 3.94 ± 1.30a 32.44 +3 .59a 20.85 ± 2.68a 7.96 ± 2.67a 21.71 ± 2.68b 5,45 ± 2,67a 42,0 ± 12,1b 
45 0.87 ± 0.23a 1.33 ± 0.49a 1.78 ± 0.23a 2.79 ± 0.02c 3.38 ± 0.33a 34.65 ± 1.06a 18.63 ± 0.80a 11.68 ± 1.73a 24.45 ± 1.03ab 0,41 ± 0,57a 200.0 ± 100.4ab 
60 0.47 ± 0.48a 0.96 ± 0.22a 1.07 ± 0.27a 1.65 ± 0.06c 1.86 ± 0.30a 33.00 ± 0.56a 12.92 ± 2.39a 11.26 +2 .71a 31.67 ± 1.84a 5,11 ± 0,80a 319,6 ±36,2ab 
75 0.29 ± 0.50a 0.95 ± 0.85a 1.58 ± 0.46a 9.65 ± 0.37a 4.68 ± 1 50a 34.33 ± 2.49a 16.37 ± 3.18a 11.79 + 1.57a 19.95 ± 1.15bc 2.70 ± 1.27a 618,0 ± 362.0a 
Days of 
culture 
Total amount of fatty acids in plumule 
(ng/nut) 
Total amount 
of fatty acids 
(ng) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.6 ± 1 Oa 1.3 ± 0.5a 2,0 + 1,0b 5,3 ± 5,7b 4,6 ± 0,5b 29.6 ± 7.5b 25,0 ± 15,1b 9,6 ± 8,3b 5,3 ± 3.0b 0,0 ± 0,0c 83,3 ± 24,0b 
15 0.3 ± 0.5a 1.6 ± 0.5a 2,0 ± 2,6b 5.0 + 1,4b 8,6 + 6,1b 61,0 ± 8.5b 5 1 3 + 11,lb 17,3 ± 10,6b 31,0 ± 17,0b 9,0 ± 9,0abc 184,6 ± 48,5b 
30 2.0 ± 1 .Oa 2.6 ± 0,5a 2,6 ± 1,0b 6.0 ± 2,6b 9 , 6 + 4,5b 86.6 ± 23.0b 60,6 + 9,4b 23,3 ± 8.1b 63,6 ± 20.3b 14,6 ± 6.5abc 258,0 ± 63,1b 
45 4.5 ± 3.5a 9 , 0 + 7,0a 12.5 ± 4,9ab 23.0 ± 12,7b 3 1 , 5 + 14,8ab 364.0 ± 193.7ab 221,0 ± 131,5ab 141,0 ± 96 lab 279.0 ± I45.6ab 2,5 ± 3,5bc 1086,0±612,3ab 
60 3.0 ± 3.0a 7,3 + 1,1a 9,6 ± l,5ab 17,6 ± 1,5b 22,3 ±2 .5ab 439,0 ± 37,5ab 188,6 ±28,3ab 167,3 ± 57,2 ab 459.6 ± 51,4a 6 9 . 6 + 17,5ab 1314,0+ 128,8ab 
75 3-0 ± 5.1a 9,6 ± 10,5a 26,6 ± 18,1a 172,5 ± 11,5a 90,6 ± 48.5a 761,3 ± 333,1a 397,0 ± 166,3a 294,3 ± 167,2a 476,3 ± 201,9a 67,6 ± 48,6a 2189,6 ± 975.5a 
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Appendix Table 8. Fatty acid composition of coleoptile from zygotic embryos germinated in in vitro conditions. Results are expressed as as mole % 
and total amounts of fatty acid in whole coleoptile. 
Days of 
culture 
% Mole Total fresh 
weight 
(mg) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.43 ± 0.05ab 1 .14±0 .24ab 1.50 ± 0.35a 5.83 ± l . l3ab 5.27 ± 0.67ab 31.13 ± 2.20a 13.62 ± 3.28a 20.3 ± 3.82a 20.66 ± 1.12bc 0,00 ± 0,00c 29 ,6+ 1,0c 
15 0.06 ± 0.10b 0.11 + 0 . 1 % 0 . 7 8 + O.l la 1.78 ± 0.39b 1.75 + 0.80b 32.92 + 0.65a 8.77 ± 0.91a 7.91 + 3.30b 41.78 + 4.47a 4.11 + 0,32a 287,0 ± 48,0bc 
30 1.10 ± 0.25a 1.35 ± 0.40ab 1.21 ± 0.03a 2.35 + 0.39b 1.72 ± 0.22b 33.47 ± 2.15a 12.97 ± 1.65a 7.47 ± 1.64b 34,05 ± 1,18a 4,27 +0 ,91a 216,6 ± 46,7bc 
45 0.24 ± 0.41b 3.04 ± 1.63a 1.86 ± 0.75a 17.35 ± 10.89a 11.01 ± 4.54a 30.36 ± 7.44a 17.75 ± 7.19a 5,43 + 0.34b 12.41 ± 1.01c 0,53 + 0.48bc 543,0 ± 102,0ab 
60 0.14 ± 0.24b 1 .33±0 .42ab 1.42 ± 0.75a 3.28 ± l.64ab 2.86 ± 1,64b 35.94 ± 1.00a 15 .16±4.12a 6.81 ± 3.67b 30,19 ± 9,68ab 2.83 ± 1.68a 643,0 ± 199,0a 
75 0.15 ± 0.25b 1.92+ 1.06ab 1.48 ± 0.42a 7.78 ±6.69ab 4.63 ± 1.8Ib 34.44 ± 5.05a 15.73 ± 3.14a 9.65 ± 2,95b 21,53 ± 2,74bc 2,66 + 0,30ab 426,6 ± 2 0 1 . l a b 
Days of 
culture 
Total amount of fatty acids in coleoptile 
(ng/nut) 
Total amount 
of fatty acids 
(ng) 
6:0 8:0 10:0 12:0 14.0 16:0 18.0 18:1 18:2 18:3 
0 1.6 ± 0.5a 5.0 ± I.Oab 7.6+ 2.0b 34.0 ± 7.0b 35.0 ± 5.5b 228.0 ± 15.6c 110,6 ±30 ,6cd 163,0 ± 26,0a 165.0+ 11.3a 0,0 ± 0.0a 749.6 + 29.5b 
15 0.3 ± 0.5a 0.6 ± 1.0b 5 , 6 + 1,1b 14.6 + 4.0b 17.0 ± 10.4b 340.0 ± 57.1c 99,6 ± 19,3d 94,0 ± 54.3a 466.0 ± 58,8a 43.0 + 6.9a 1037.3 ± 183.1b 
30 3,3 + 0.5a 5.0 ± 1.7ab 5,3 ± 0,5b 12.0 ± 1.0a 9.6 + 0.5b 211.6 ± 30.6c 90,3 ± 9,8d 52.3 + 15.5a 234,4 ± 28.5a 27.3 + 6.4a 623 .6+ 73.4b 
45 2 0 ± 3.4a 52.0 + 43.4ab 32,0 ± 7,8a 414.0 ± 295.5b 292.2 ± 182,4a 794,0 ± 129,9a 496.6 ± 76.5a 162.3 ± 48.2a 376,0 ± 151,2a 17.6+ 1.8a 2622,0 ± 798.5a 
60 1.3 ± 2.3a 12.3 ± 3.2a 15.3 ± 6.5b 40.0 ± 14.7b 39,0 ± 18.6b 598.3 + 138.4ab 268,0 ± 38,1b 115.3± 38.2 a 578,3 ± 334,9a 52.6 ± 41,4a 1668.6±409.7ab 
75 0,6 ± 1.0a 16.6 ± 14.2ab 14.3 ± 8.7b 95.3 ± 107.0ab 59.0 +41 .5b 442.0 ± 83.5bc 224.0 ± 54,5cb 137.0 ± 50.1a 303,0 ± 67,1a 35 ,6+ 14.1a 1291.3 ± 377,9b 
w ON 
ON 
Appendix Table 9. Fatty acid composition of haustorium from zygotic embryos germinated in in vitro conditions. Results are expressed as as mole 
and total amounts of fatty acid in whole haustorium. 
Days of 
culture 
% Mole Total fresh 
weight 
(mg) 
6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 
0 0.05 ± 0.09a 0.30 ± 0.18b 0.59 ± 0.14a 6.13 ± 0.20ab 6.43 ± 0.36a 34.34 ± 0.69a 6 . 4 9 + 1.72a 31.94 ± 2.63a 13.70 ± 0,49a 0.00 ± 0,00b 4 1 . 0 ± 8.7b 
15 0.00 ± 0.00a 0.17 ± (115b 0.51 ± 0.03a 3.88 ± 0.60b 4.49 ± 0.87a 35.44 ± 1.49a 5.32 ± 0.78a 27.55 ± 1.67a 20.80 ± 4,04a 1.81 ±0 ,57ab 163,0+ 11.7ab 
30 0.53 ± 0.50a 0.65 ± 0 . 3 l a b 0.89 + 0.35a 4.43 ± 1.43ab 4.16 ± 1.87a 34.55 + 1,54a 9.88 + 2.74a 19 .35±5 .24ab 22,98 + 5,62a 2,56 ± 1.48a 133,0 ±34,2bc 
45 0 . 1 2 ± 0 . 2 1 a 1.13 ±0 .39ab 1.15 ± 0.63a 5.54 ± 1.58ab 6.45 ± 0.68a 39.33 ± 1.79a 14.24 ± 5.38a 20.50 ± 5 . S l a b 11,00 ± 4,49a 0,51 ± 0,14ab 107,6 ± 4 7 , l a b 
60 0.54 +0 .93a 1.07 ±0.65ab 0.84 ± 0.49a 4.57 ± 0.62ab 5.19 ± 0.59a 36.71 ± 2.20a 11.59 ± 4.88a 20.20 ± 1.64ab 17,47 ± 9,01a 1 ,80± l,04ab 1 8 8 . 3 1 85,0ab 
75 0.00 ± 0.00a 1.74 ± 0.87b 1.23 ± 0.45a 11.25 ± 5.98a 7.21 ± 2.49a 38.52 ± 5.66a 12.97 ± 4.00a 11.27 ± 9.90b 15.00 ± 1.90a 0.77 ± 0.69ab 246,0 ± 100,0a 
Days of 
culture 
Total amount of fatty acids In haustorium 
(ng/nut) 
Total amount 
of fatty acids 
(ng) 
6:0 8:0 10:0 12:0 14:0 16.0 18:0 18:1 18:2 18:3 
0 0,3 ± 0,5a 3,0 ± l,7bc 7.3 ± 2.5a 84.6 ± 7.2a 100.3 ± 8.0a 598,6 ± 18,7a 126,0 ± 38,5a 609.6 ± 43.0a 260.3 ± 18.8a 0.0 ± 0.0a 1790,0 ± 86.3a 
15 0.0 ± 0.0a 2.0 ± 2.0c 7.0 ± 1.7a 61.6 ± 23.7a 80.3 ± 31.5a 701,6 ± 206,1a 113,0+ 13,0a 594.3 ± 157.3a 444.0 ± 120.4a 36.0 ± 13.0a 2004,0 ± 519.6a 
30 2.6 + 2.3a 3.3 ± 1.5bc 5.6 ± l . l a 37.0 ± 23.4a 40.3 ± 30.8a 346,3 ± 125,6a 102,6+ 12.5a 222.3 ± 130.8b 236.6 ± 13.8a 23.0 ± 10.5a 997.3 ± 323.9a 
45 0.6 + 1.0a 8.3 ±0 .5ab 9.3 ± 2.3a 62.0 ± 39.8a 79.0 ± 37,6a 525,0 ± 201,4a 195.3 ± 40.1a 293.0 ± 98.4ab 175.3 ± 133.0a 6.6 + 0.5a 1348 .01493 .0a 
60 2.3 ± 4.0a 8.6 ± 3.2ab 8.0 ± 1.7a 57.3 ± 16.7a 75,3 ± 27,1a 601,0 ± 226,7a 189,6 ± 62,0a 355.6 ± 116.9ab 349.6 ± 291.3a 33.6 ± 30.2a 1649,0 ± 645,7a 
75 0.0 ± 0.0a 11.6 ± 2.5a 10.0 ± 1.0a 105.0 ± 50.4a 77,0 ± 19,5a 468,6 ± 82,4a 179,6 ± 75.0a 177,6 ± 161.3b 207.0 ± 78.4a 8.0 ± 5,0a 1237.0 ± 366.7a 
w 
ON 
Appendix Table 10. Fatty acid composition of radicle from zygotic embryos germinated in in vitro conditions. Results are expressed as as mole % and 
total amounts of fatty acid in whole radicle. 
Days of 
cu l tu re 
% Mole 
6:0 8:0 10 :0 12:0 14:0 16 :0 18:0 18:1 18:2 18:3 
Total f resh 
we igh t 
(mg) 
30 
45 
60 
75 
1.80± 1.21a 
0.47 ± 0.82a 
0.00 ± 0.00a 
1.52 + 0.78a 
1.94 ± 0.75a 
1.97 ± 0.54a 
1.02 ± 0.90a 
1.58 ± 0.24a 
2.48 ± 0.23a 
2.17 ± 0.61a 
1.86 ± 0.39a 
1.63 ± 0.16a 
3.13 ± 1.06a 
2.89 ± 1.06a 
4.09 ± 0.54a 
4.07 ± 1.55a 
2.78 ± 0.50a 
4.15 ± 1.78a 
5.35 ± 2.70a 
4.07 ± 0.42a 
38.57 ± 4.46a 
40.19 ± 1.91a 
34.07 ± 5.03a 
38.36 ± 1.79a 
24.08 ± 6.14a 
23.03 ± 3.53a 
17.75 ± 2.75a 
21.52 ± 1.71a 
4.42 ± 0.98a 
6.65 ± 2.29a 
5.25 ± 1.57a 
6.64 ± 1.78a 
25.09 ± 1.37a 1 .81±1 .79a 
17.66 ± 0.94c 0.80 ± 0.41a 
24.11 ± 2 . 7 5 a b 1.77 ± 0.48a 
18.76 ± 1.66bc 1.82 ± 0.47a 
55.3 ± 39.2b 
160.3 ±52.6ab 
188 .0±52.8ab 
282.6 ± 130.3a 
Days of 
cu l tu re 
6:0 
Tota l a m o u n t of fat ty ac ids in rad ic le 
(ng/nut) 
8:0 10:0 12 :0 14:0 1 6 : 0 18:0 18:1 1 8 : 2 18:3 
Tota l a m o u n t 
of fat ty ac ids 
(ng) 
30 
45 
60 
75 
3.0 ± 2.0ab 
1.3 ± 2.3b 
0.0 ± O.Ob 
7.6 +2 .5a 
4.6 ± 3.0a 
8.6 ± 5.7a 
4.3 + 3.7a 
10.3 ± 1,5a 
6.3 ± 2.0b 
11.3 ± 5.7a 
9.6 ± 2.3ab 
13.0 ± 2.0a 
8.6 ± 2.0a 
18.3 ± 9.2a 
22.5 ± 4.9a 
37.3 ± 17.3a 
9.3 ± 4.1a 
29.3 ± 15.0a 
36.6 ± 22.7a 
42.3 ± 10.9a 
141.0 ± 49.1c 
315.0 ± 71.3ab 
248.6 ± 10.4bc 
436.3 ± 65.8c 
94.0 ± 28.1c 
195.6 ± 30.0b 
143.0 ± 12.2 be 
269.0 ± 26.0a 
19.3 ± 10.7b 
59,0 ± 30.3ab 
42.0 ± 9,5ab 
84,6 ± 31,5a 
125.5 ± 9,1b 
150.6 ± 35,9ab 
192,3 ±6 ,8ab 
234,6 ± 55,6a 
6,3 ± 7,7a 
6.3 ± 3.2a 
13.3 ± 3.5a 
21.6 ± 8.7a 
374.6 ± 157.0c 
789,0 ± 159,4ab 
731,3 ± 65,7bc 
1135,3 ± 188,0a 
w a\ oo 
369 
Appendix Table 11. Composition of vitamin mixture of Morel and Wetmore 
(1951). 
Compound 
Concentration in stock 
solution lOOx final 
concentration 
(mg/250 ml) 
Final concentration in 
the culture medium 
(M) 
thiamin 8.43 10" 
myo-mos\io\ 450.50 10"^  
pyridoxine 5.14 10"^  
calcium-D-pantothenate 7.08 10"" 
biotin 0.06 10^ 
nicotinic acid 3.07 10" 
Appendix Table 12. Composition of the resin mixture of epon-araldite. 
Compound Percentage (w/w) 
araldite CY212 18.46 
agar 100 (epon 812) 23.07 
dodecenyl succinic anhydride 55.38 
benzyl dimethylamine 3.07 
Appendix Table 13. Composition of Reynolds' lead citrate stain solution. 
Compound 
lead nitrate 1-33 g 
sodium citrate 1-76 g 
distilled water (freshly boiled to 30 ml 
remove carbon dioxide) 
